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Resumo
Neste trabalho a interac¸a˜o entre complexos de metal de transic¸a˜o e estru-
turas de alta massa molar foi investigada. Foram considerados pentacianofer-
rato (PFC), cloreto de meso-tetraquis(pentafluorofenil)porfirinatomanganeˆs(III)
(MnP), homopolı´meros lineares, nanotubos de carbono (CNT) e nanopartı´culas
de ouro (AuNP). A energia da banda de transfereˆncia de carga metal-ligante do
PCF e´ deslocada quando PCF encontra-se coordenado a grupos piridil da poli(4-
vinilpiridina) (P4VP). A quantidade de PCF em relac¸a˜o ao nu´mero de unidades
de repetic¸a˜o da cadeia afeta a viscidade intrı´nseca da soluc¸a˜o da macromole´cula.
Grupos piridil na˜o coordenados sa˜o ainda capazes de interagir com CNT prin-
cipalmente via interac¸o˜es dispersivas, produzindo agregados supramoleculares
suspensos em a´gua/etanol. CNT suspensos foram isolados e espectroscopia Ra-
man revelou que o processo de funcionalizac¸a˜o na˜o covalente na˜o induziu danos
estruturais. O material hı´brido CNT/P4VP/PCF foi usado na modificac¸a˜o de
eletrodos de carbono vı´treo e aplicado na oxidac¸a˜o eletrocatalı´tica de cisteı´na.
A constante de velocidade da reac¸a˜o (8.95×103 L mol−1 s−1) foi determinada
por cronoamperometria, faixa de resposta linear entre 20.5–151 nmol L−1 e o
tempo de resposta de 0.1 s. MnP foi sintetizado usando-se etanol como solvente.
O produto cristalizou no grupo de espac¸o C2/c juntamente com treˆs mole´culas
de tolueno usado na cristalizac¸a˜o. O aˆngulo diedro entre grupos pentafluoro-
fenil e o anel tetrapirro´lico varia de 59° a 77°. O uso de dimetilformamida
como solvente, seguindo procedimentos usuais da literatura, resultou numa mis-
tura de porfirinas substituı´das com dimetilaminas. MnP foi associada a AuNP
funcionalizadas com grupos piridil e depositadas sobre eletrodo de o´xido de
estanho dopado com flu´or. A oxidac¸a˜o eletrocatalı´tica de cisteı´na foi inves-
tigada e apresentou resposta linear na faixa de 12.2–33.6 µmol L−1. Quando
o eletrodo foi preparado somente com MnP sem AuNP, apresentou voltamo-
gramas cı´clicos similares ao do eletrodo limpo, o que evidencia o sinergismo
entre MnP e AuNP. MnP foi empregada na oxidac¸a˜o catalı´tica de ciclo-hexeno
e fenol usando-se pero´xido de hidrogeˆnio e a´cido m-cloroperbenzo´ico, respec-
tivamente. A presenc¸a de poli(a´cido acrı´lico) (PAA) na reac¸a˜o do primeiro
substrato levou a` formac¸a˜o exclusiva de o´xido de ciclo-hexeno. Portanto, o
PAA favorece a oxidac¸a˜o na posic¸a˜o para do fenol, que foi atribuı´do a` melhor
disponibilidade desta posic¸a˜o ao ataque eletrofı´lico em virtude da existeˆnci-
a de ligac¸o˜es de hidrogeˆnio substrato-polı´mero. A substituic¸a˜o do fenol por
metoxibenzeno resulta na invariaˆncia da regiosseletividade com a presenc¸a de
PAA, o que foi atribuı´do ao desfavorecimento de ligac¸o˜es de hidrogeˆnio com a
cadeia polime´rica. Espectroscopia eletroˆnica e de absorc¸a˜o de raios X na˜o evi-
denciam interac¸a˜o entre MnP e PAA em soluc¸a˜o. A relac¸a˜o entre reatividade
e estrutura eletroˆnica de porfirinas Mn-oxo foi investigada por me´todos mul-
ticonfiguracionais e de funcional de densidade. Em concordaˆncia com dados
experimentais, o estado fundamental e´ um singleto de MnV. Um estado tripleto
correspondente a` excitac¸a˜o de um ele´tron do orbital 3dδ na˜o-ligante para pi∗
do grupo Mn–O foi caracterizado como termicamente acessı´vel. A inclusa˜o de
efeitos de solvente estabiliza estados de MnIV com respeito aos de MnV. O es-
tado tripleto mostrou grande cara´ter oxil, originado da ocupac¸a˜o de orbitais pi∗
do grupo Mn–O e tambe´m do cara´ter dirradical.
Abstract
In this work the interaction between transition metal complexes and high-
molecular weight structures was investigated. We considered pentacyanofer-
rate (PCF), meso-tetrakis(pentafluorophenyl)porphyrinatomanganese(III) chlo-
ride (MnP), linear homopolymers, carbon nanotubes (CNT) and gold nanoparti-
cles (AuNP). The energy of the metal to ligand charge transfer of PCF is shifted
when it is coordinated to pyridyl groups of poly(4-vinylpyridine) (P4VP). The
amount of coordinated PCF relative to polymer repeating units affects the in-
trinsic viscosity of the macromolecule solution due to steric hindrance and elec-
trostatic repulsion of the bound PCF groups. Non-coordinated pyridyl groups
are still able to interact with e.g. CNT mainly via dispersion interaction, in
order to produce a supramolecular aggregate suspended in water/ethanol mix-
ture. Suspended CNT were isolated and Raman spectroscopy revealed no struc-
tural damage induced by the non-covalent functionalization process. Glassy
carbon electrodes were modified with the hybrid material CNT/P4VP/PCF and
further used on the electrocatalytic oxidation of cysteine. The reaction rate
constant (8.95×103 L mol−1 s−1) was determined by chronoamperometry, with
linear response within 20.5–151 nmol L−1 and response time of 0.1 s. MnP
was synthesized using ethanol as solvent. The product crystallized in C2/c
space group together with three toluene solvent molecules. The dihedral an-
gle between pentafluorophenyl groups and the ruffled tetrapyrrolic ring ranges
from 59° to 77°. The use of dimethylformamide as solvent, following proce-
dures frequently reported in literature, results in a mixture of dimethylamine-
substituted porphyrins. MnP was associated with pyridyl-functionalized AuNP
and deposited over fluoride doped tin oxide electrode. The electrocatalytic ox-
idation of cysteine was investigated and presented linear response was within
12.2–33.6 µmol L−1. Electrodes prepared only with MnP and without AuNP
show cyclic voltammograms similar to those from bare electrodes, which evi-
dences the synergism between MnP and AuNP. MnP was employed in the cat-
alytic oxidation of cyclohexene and phenol using hydrogen peroxide and m-
chloroperbenzoic acid as oxygen-donor agents, respectively. The presence of
poly(acrylic acid) (PAA) in the reaction of the first substrate provided cyclo-
hexene oxide as the only product. Therefore, PAA favors the oxidation in the
para position of phenol, which was attributed to the better availability of this
position to electrophilic attack due to substrate-polymer hydrogen bonding. Re-
placement of phenol to methoxybenzene causes the regioselectivity to become
invariant to the presence of PAA, which was attributed to the hindrance of hy-
drogen bonding with the polymer chain. X-ray absorption and electronic spec-
troscopies do not show evidences of interaction between MnP and PAA chain in
solution. The relationship between reactivity and electronic structure of high-
valent Mn-oxo porphyrins was investigated by multiconfigurational and density
functional methods. In agreement with experimental data, the ground state is a
MnV singlet. A triplet state corresponding to the excitation of an electron from
the non-bonding 3dδ orbitals to one of the Mn–O pi∗ orbitals was found to be
thermally accessible. Inclusion of solvent effects significantly stabilizes MnIV
states with respect to MnV. The triplet state displays large oxyl character arising
from occupation of Mn–O pi∗ orbitals and also from diradical character.
Samenvatting
Dit werk onderzoekt de interactie tussen transitiemetaalcomplexen en struc-
turen met een groot molecuulgewicht. We beschouwen pentacyanoferraat (PCF),
meso-tetrakis(pentafluorofenyl)porphyrinatomangaan(III) chloride (MnP), lin-
eaire homopolymeren, koolstofnanobuizen (CNT) en goud nanopartikels (Au-
NP). De energie van de “metaal naar ligand”-charge-transfer van PCF verschuift
als het gecoo¨rdineerd is met de pyridyl groepen van poly(4-vinylpyridine) (P4-
VP). De toename van gecoo¨rdineerd PCF ten opzichte van de “repeating units”
leidt tot een toename van de intrinsieke oplossingsviscositeit. Vrije pyridyl-
groepen zijn nog steeds in staat om te interageren met CNT, voornamelijk via
dispersie interacties. Hierdoor vormt het een supramoleculair aggregaat gesus-
pendeerd in een water/ethanol mengsel. Gesuspendeerde CNT werden geı¨soleerd
en er werd aangetoond dat er geen structurele schade word aangebracht tijdens
het niet-covalente functionalisatieproces. Het hybride CNT/P4VP/PCF werd
gebruikt om een koolstofelektrode te modificeren en daaropvolgend cysteine
elektrokatalytisch te oxideren. Met chronoamperometrie werd een reactiesnel-
heid van 8.95×103 L mol−1 s−1, een lineaire respons binnen 20.5–151 nmol L−1.
De synthese van MnP werd uitgevoerd in ethanol. MnP kristaliseerd met drie
solventmoleculen tolueen in eenC2/c ruimtegroep. De dihedrische hoek tussen
de pentafluorofenylgroepen en de gedistordeerde tetrapyrroolring varieert van
59° tot 77°. Indien gebruik wordt van dimethylformamide dan resulteert dit
in een mengsel van dimethylamine gesubstitueerde porfyrines. MnP werd aan
met pyridyl-gefunctionaliseerde AuNP gehecht en afgezet op een met fluoride
gedoteerde tinoxide elektrode. De elektrokatalytische oxidatie van cysteine
werd onderzocht. Een lineaire respons werd verkregen binnen 12.2–33.6 µmol
L−1. De elektrode aangemaakt met MnP, maar zonder AuNP heeft een cy-
clisch voltagram gelijkaardig aan dat van de niet-gefunctionaliseerde elektrode.
Dit toont het synergisme tussen MnP en AuNP aan. MnP werd gebruikt in de
katalytische oxidatie van cyclohexeen en fenol. In de reactie met het eerste sub-
straat is cyclohexeenoxide het enige product als polyacrylzuur (PAA) aanwezig
is. PAA bevoordeelt oxidatie op de para-positie van de fenol, en dit wordt
toegeschreven aan een betere beschikbaarheid van deze positie voor de elek-
trofiele aanval door substraat-polymeer waterstofbruggen. Het vervangen van
fenol door methoxybenzeen zorgt ervoor dat de regioselectiviteit onafhanke-
lijk wordt van de aanwezigheid van PAA. Dit wordt verklaard door sterische
hinder die waterstofbinding met de polymeerketen voorkomt. UV-vis spectro-
scopie en X-stralen absorptie spectroscopie geven geen bewijs van de interactie
tussen MnP en de PAA-keten in oplossing. Het verband tussen de reactiviteit
en de elektronische structuur van hoog-valente Mn-oxo porfyrines werd on-
derzocht met multiconfigurationele methoden en dichtheidsfunctionaaltheorie.
Deze toonden aan dat de grondtoestand een MnV singlet is, wat overeen komt
met de experimentele data. Een triplet toestand, bekomen door een excitatie
van een elektron van het niet-bindende 3dδ orbitaal naar een van de Mn–O pi∗
orbitalen, is thermisch toegankelijk. Het toevoegen van solvent effecten zorgt
voor een significante stabilisatie van MnIV toestanden ten opzichte van MnV.
De triplet toestand heeft een groot oxylkarakter afkomstig van de bezetting van
Mn–O pi∗ orbitalen en van diradicaal karakter.
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Chapter 1
Introduction
Transition metal (TM) compounds are ubiquitous in nature. Although TM
ions account for approximately 10−3–10−5% of human body weight, they are
key to chemical transformations that sustain life. Unusual high levels can log-
ically be harmful and the toxicity level depends on the element. Some TM are
currently considered essential to warm-blooded animals: Fe, Cu, Mn, Zn, Co,
Mo, Cr, V, and Ni. In other words, the lack of any of them in the diet causes
disfunction of biochemical processes to which they are associated.1
The biological role of TMs is usually related to the oxidation state. Metals
with variable oxidation state like Fe, Mn and Cu are involved in electron trans-
fer in oxidation and reduction reactions. Zn(II) has a structural role in many
proteins, and it also participates in reactions as a Lewis acid, for example in
carbonic anhydrase. Iron can either reversibly bind dioxygen to transport it
throughout the organism or cleave its bond to perform oxidation reactions. Iron
is also present in iron-sulfur clusters, that are an important source of electrons
in nitrogenase, for example.1, 2 Manganese is present in the oxygen evolving
center in photosystem II, a central enzyme in the photosynthesis, which is re-
sponsible to oxidize water to dioxygen.3
Proteins serve as inspiration to design artificial chemical systems in order
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to aid the understanding of the natural (and more complex) system itself or
mimic the reactions aiming applications. In this context, TM compounds can
be integrated to synthetic polymers to produce the so-called metallopolymers.4, 5
The motivations to investigate such organic/inorganic hybrid system not always
steam from mimicking nature. It can rise from the knowledge in both coor-
dination chemistry and polymer chemistry, envisaging the investigation of the
interplay of the properties of each constituent.
1.1 Metal-containing polymers and its applications
Compounds containing TM ions show unique properties associated to the
metallic atom, such as magnetic, catalytic, optic, electrochemical and lumines-
cent capabilities. In turn, organic polymers have a broad range of molecular ar-
chitecture, mechanical, rheological and optical properties that justify the wide-
spread use of polymeric materials nowadays. Polymers can be used as support
in order to transfer the properties of TM compounds in solution to a solid ma-
terial like a thin film or a membrane. More interestingly, the characteristics of
both components can be synergistically combined to potentially give rise to new
multifunctional systems.4, 6
The structure of metal-containing macromolecules can be varied according
to the synthetic strategy. The TM can constitute the polymer backbone if it binds
to terminal groups of bifunctional or polyfunctional organic monomers. Com-
pounds with this structure are often referred as (metallo)supramolecular poly-
mers or coordination polymers.4 Alternatively, polymerization of a monomer
containing appended TM places the metal as a side chain. A similar arrange-
ment can be achieved by reacting the TM complex to a pre-formed polymeric
chain bearing coordinating heteroatoms like nitrogen, sulfur or oxygen. Fig-
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Figure 1.1: Three different approaches to synthesis of metal-containing polymers. Orange circles repre-
sent a metals and the blue semicirles represent coordinating groups.
ure 1.1 illustrates these strategies.
The first approach is an alternative to form the so-called self-healing mate-
rials.7 If a piece of such material is cut, the parts can be bound together after
application of some external stimuli, like heating or light. This characteristic
is due to a labile bond between a metal ion, usually Zn(II), and a bifunctional
organic linker. Under stress, the metal-ligand bonds are cleaved preferentially
than C–C bonds of the linker. When heated, the organic chains on the cracked
surface gain mobility and are able to reestablish the coordination bonds with
chains of the broken piece surface.8, 9 Recently, Shi and coworkers10 reported
a hybrid gel structured by Zn(II) and linkers having terminal terpyridines. The
porous and flexible network allowed association with polypyrrole. The resulting
material combined the self-healing ability of the zinc–terpyridine supramolecu-
lar gel with high electrical conductivity of polypyrrole, which can find applica-
tion in flexible self-healable electric circuits.
A wide range of organic linkers are available to form supramolecular struc-
tures with metal ions, consequently, the flexibility, stability and solubility of
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the network can be widely tuned. Terephthalic acid (benzene-1,4-dicarboxylic
acid) is an extreme example. Reaction with Zn(II) produces insoluble porous
networks that belong to a class of materials called metallorganic frameworks
(MOFs),11, 12 which is also considered a metal-containing polymer by Wang and
McHale.6 Their most investigated applications are in the field of heterogeneous
catalysis,13 drug delivery14 and gas storage.15
The investigations employing the first synthetic approach (Figure 1.1, top)
delegate to the metal a crucial role in the formation of the supramolecular struc-
ture. Consequently, the emphasis is given to properties associated to the struc-
ture itself, which results in works closer to the field of chemistry of materials.
The third synthetic approach (Figure 1.1, bottom) however can rely on poly-
meric materials that are readily accessible either commercially or by simple
preparation protocols. This fact allows the researcher to give more emphasis
to the properties of TM compounds and to produce works more related to the
field of coordination chemistry. As a result, the polymer usually has the role of
support or matrix to which TM complexes are appended. In general, the nature
of the bond between the two components is less explored, but some exceptions
are noteworthy.
A polymer of particular importance in this context is poly(4-vinylpyridine)
(P4VP). The pyridyl side chain can in principle have chemical behavior similar
to pyridine, a well-known ligand in coordination compounds. Forster reported
the reaction of P4VP with [Ru(bpy)2(H2O)2](ClO4)2 (bpy = 2,2’-bipyridine).
16
Both labile H2O ligands are replaced by a pyridyl side chain resulting in an
electroactive and electroluminescent metallopolymer. Later, his group demon-
strated the application of this material as a sensor for DNA, since the electro-
chemiluminescence of the ruthenium moieties was sensitive to guanine bases
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of oligonucleotides. Investigation of the mechanisms revealed that the lumines-
cent response was also proportional to the concentration of damaged guanine in
the DNA strain.17
The good film-forming ability of P4VP indicated that electrode arrays could
be constructed. The efficiency of the electrochemiluminescence reaction in
the film was four times higher than in solution due to the low diffusivity of
quenchers in solid phase.18 This work illustrated the synergistic interaction be-
tween a TM complex and the surrounding polymer. Recently, another group
reported the use of this metallopolymer to fabricate a complex microfluidic ar-
ray by inkjet printing.19 This achievement indicates that a TM compound can
be manipulated with high precision if it is appended to a polymer. Precipitation
and inhomogeneous distribution could have happened if a simple solution of the
complex was used, and its application in devices would have been hampered.
The group used the microfluidic array to perform an extensive investigation of
DNA damage caused by metabolites generated by several enzymes of different
organs.19
1.1.1 Pentacyanoferrate: a versatile electrochemical mediator
Pyridine complexes with pentacyanoferrate(II) also have been studied for a
long time, specially the electrochemical and spectroscopic properties.20 Penta-
cyanoferrate(II) has general formula [Fe(CN)5L]
3– where L can be a great vari-
ety of ligands. This versatility motivated the integration of pentacyanoferrate in
several of polynuclear compounds as long as a coordinating moiety is present,
e.g. pyridyl groups.21 A linear conjugated ligand containing two pyridyl termi-
nal groups could be included in the cavity of β-cyclodextrin. The formation of
a rotaxane was achieved by coordination of two pentacyanoferrate ions, which
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acted as stoppers.22 Recently, a similar pentacyanoferrate rotaxane was synthe-
sized with electron deficient ligands based on 4,4’-bipyridinium, giving rise to
a strong solvatochromic effect.23
P4VP was a natural choice to form a metallopolymer with pentacyanoferrate.
Investigations during the decades of 1980 and 1990 focused on the electrochem-
ical properties of this system. A detailed investigation of the interplay of proper-
ties between the two components was lacking. Pentacyanoferrate is hydrophilic
and highly negatively charged, whereas P4VP is neutral and hydrophobic. The
difference in solubility and solvation patterns points to an unexplored field in
this system, which is investigated in Chapter 3.
In the chain of this metallopolymer, some pyridyl groups are not coordinated
to pentacyanoferrate. The limiting value is around one in every three repeating
units, but larger ratios can be obtained based on the synthesis stoichiometry.24
This fact implies that there are free pyridyl groups along the chain able to inter-
act with other molecules. Consequently, it is reasonable to assume that species
that interact with pure P4VP would also interact with the P4VP-Fe(CN)5 met-
allopolymer provided that enough pyridyl groups are available.
In 2005, an extensive work described the use of P4VP to disperse carbon nan-
otubes (CNTs) in alcohols.25 CNTs are hollow rod-like carbon structures first
reported as such by Iijima.26 Their properties such as low density, high mechan-
ical strength and extended conjugated electronic structure gave rise to a fertile
area of studies in physics, chemistry and material sciences. A major drawback
of CNTs however is the poor solubility due to the extended polycyclic aromatic
surface. This characteristic challenges the handling and the association of CNTs
to chemical systems already known, such as polymers and ceramics. Vigorous
mixing methods have been used at the expense of inducing damage and com-
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promising the properties of interest. Even so, CNT aggregates are disassembled
down to bundles but not to individually dispersed tubes.27 Forcibly, strategies
to disperse them in solvents such as that reported by Rouse25 are of great im-
portance. He suggested that the interactions between CNT and P4VP was via
the nitrogen lone electron pair and the outermost wall of the bundle behaved as
a Lewis acid. In contrast, a computational study indicated that dispersive inter-
actions between the pyridine pi cloud and the pi cloud of the surface are more
relevant than the acid-base interaction.28 In this context, Chapter 4 presents
further experiments necessary to investigate the nature of the interaction and
the possibility of functionalization with TM complexes. Particular interest lied
on pentacyanoferrate based on the possibility of using CNT properties. The
supramolecular functionalization based on weak reversible intermolecular in-
teractions is an interesting strategy in comparison to usual protocols. Common
methods to introduce chemical functional groups in the structure of CNTs is
via harsh oxidizing reactions. The side effect is the partial disruption of the
conjugated bond framework that accounted for high electric conductivity.29
High electric conductivity is desirable in active layers of electrochemical
sensors. Electrons exchanged by the electrochemical mediator in the interface
with the solution must be transported through the film up to the surface of the
modified electrode. Moreover, the elongated shape foster the increment of the
active electrode surface. These facts motivated the inclusion of CNTs in the
preparation of electrochemical sensors and devices. A recent report of a voltam-
metric sensor for N-acetyl-L-cysteine showed that the anodic current of a glassy
carbon electrode (GCE) increases five times when it is modified with CNTs.30
Previous to electrode deposition, CNTs are treated by ultrasonication for 8 hours
in a mixture of concentrated sulfuric and nitric acids. This procedure allowed
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dispersion in ethanol and drop cast on GCE surface. Currently, CNT-containing
sensors have been frequently reported in association with metallic nanoparticles
and/or graphene.
The electrochemical mediator is the chemical (or biochemical in case of en-
zymes) species responsible to exchange electrons with the target analyte. Its
redox potential influences the applied potential of a working sensor. The value
in relation to the reference electrode must desirably be as close as possible to
zero because unspecific redox processes become less likely to occur. If the value
is too high or too low, other molecules can be oxidized or reduced and the “sen-
sor” is no longer responsive only to an specific analyte. In electrochemistry, the
reaction
[FeII(CN)6]
4− 
 e− + [FeIII(CN)6]3− (1.1)
is routinely used for normalization purposes. Both hexacyanoferrate species are
inert in the usual time scale of an electrochemical experiment, which make the
redox reaction reversible. Reversibility and a well-defined 1-electron process
of hexacyanoferrate redox couple are also reflected in the electrochemistry of
pentacyanoferrates. Several aminoacids and N-heterocycles were used as the
sixth ligand, providing a wealth of information.20 Naturally, this ligand could
be a macromolecule as in the case of P4VP-Fe(CN)5 metallopolymer. The un-
derstanding at that time concerning the electrochemical properties of polymer-
pendant pentacyanoferrate was limited to the metallopolymer itself, while the
effect of CNTs was still unexplored. In this context, Chapter 5 presents the
supramolecular assembly formed by P4VP-Fe(CN)5 metallopolymer and CNTs
applied to the amperometric sensing of L-cysteine.
Another methodology to explore the electrochemical properties of penta-
cyanoferrates is through the formation of Prussian blue (PB) structures. PB
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has the empirical formula Fe4[Fe(CN)6]3 and its crystalline structure is face-
centered cubic with lattice parameter 10.2 A˚.31 Despite the first reports dated
back to the eighteenth century,32 PB can be currently considered as a coordina-
tion polymer6 composed by orthogonal chains of
· · ·C FeII C N FeIII N · · · (1.2)
where the connecting points are FeIIC6 and Fe
IIIN6 octahedra. The electronic
transition between the two iron centers is allowed due to the cyanide pi system.
Besides the color, the conjugated bridges gives semiconducting character to
PB. It has been extensively studied as an active layer in electrochemical sensors
specially for H2O2 detection due to its catalytic performance to decompose this
analyte in H2O and O2. For this reason, PB can be considered as an artificial
catalase. Recently, we reported the use of Na4[Fe(CN)5(isn)] (isn = pyridine-4-
carboxylate) in the formation of a PB active layer on a glassy carbon electrode.
We demonstrated electrocatalytic activity for ascorbic acid oxidation.33
1.1.2 Manganese porphyrins: a model of active site
Porphyrins are tetrapyrrolic macrocyclesa containing 22 electrons in the pi
system, among which 18 are conjugated.34 This macrocycle is present in heme
groups and it participates in several biochemical reactions when coordinated to
a metal. Hemoglobin, cytochrome c oxidase and cytochrome P450 are examples
of heme proteins essential to life. The general structure of metalloporphyrins
and the usual names of the positions on the ring are shown in Figure 1.2. The
modern synthetic strategy35, 36 consists of acid-catalysed condensation of an aryl
aldehyde (R–CHO) with pyrrole, followed by oxidation. This protocol has been
aDefined by IUPAC as a cyclic macromolecule or a macromolecular cyclic portion of a macromolecule.
S. A. V. Jannuzzi, PhD Thesis
Chapter 1. Introduction 33
Figure 1.2: General structure of metalloporphyrins, where M is a metal atom and L1,2 are axial ligands.
The usual names of the positions on the ring are pointed.
successfully used to produce tetraarylporphyrins with many different meso-aryl
groups.
The procedure for coordination to a metal atom is well-established.37, 38 It
basically involves reflux of porphyrin with a metal salt (usually acetate or chlo-
ride) in solvents like dimethylformamide (DMF), acetonitrile or toluene, de-
pending on the solubility of the reactants. Some aryl groups have peculiari-
ties and these general guidelines must be adapted accordingly. One example is
pentafluorophenyl, R = C6F5. This group can readily undergo aromatic nucle-
ophilic substitution of the fluoride atom in the para position. This substitution
can be designed to produce functionalized porphyrins such as those reported
by Tome´ and coworkers.39 Notably, substitution by dimethylamine occurs if
the coordination reaction takes place in DMF.38 Several recent reports in the
literature lack details about the synthetic procedure, and refer to the procedure
using DMF without considering reaction with the C6F5 groups.
40–43 In this
context, Chapter 6 discusses the role of DMF in the coordination reaction and
reports a procedure that yield the manganese complex of unsubstituted meso-
tetrakis(pentafluorophenyl)porphyrin.
The oxidation state of manganese in complexes with porphyrin can be re-
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versibly converted between Mn(III) and Mn(II). The value for meso-tetrakis-
(pentafluorophenyl)porphyrinatomanganese(III) is close to 0.0 V vs the normal
hydrogen electrode.44 These two characteristics motivated us to investigate this
molecule as the electrochemical mediator, with L-cysteine was chosen as the
analyte. The current response when the metalloporphyrin was deposited over a
fluoride doped tin oxide (FTO) electrode was similar to the response of the bare
electrode. The electrode was thus modified with gold nanoparticles (AuNP)
in order to enhance the active surface and electronic conductivity. Moreover,
the surface of AuNP can be functionalized with thiol compounds, such as 4-
mercaptopyridine. This species could be able to coordinate to the manganese
porphyrin as L1 or L2 axial ligands in Figure 1.2. In this context, we investigated
in Chapter 7 (i) whether the functionalized AuNP could enhance the electrocat-
alytic property of manganese porphyrin; if so, (ii) whether the current response
could be explored for L-cysteine detection.
A noteworthy characteristic of metalloporphyrins is the ability to catalyze
not only electron transfer reactions, but also oxygen-atom transfer reactions.45
Iron and manganese complexes are able to reproduce the same oxidation re-
actions that are performed by the enzymes cytochrome P450 (CYP450).45–47
This characteristic motivated many investigations employing manganese and
iron porphyrins as models of the active site of the natural system. In gen-
eral, CYP450s have two major roles: unspecific oxidation of xenobioticsb and
specific and selective oxidation of steroidal hormones and other endogenous
molecules.48 High specificity is owed to the complementary fit of intermolec-
ular interactions between the particular substrate and the polypeptide chain in
the enzyme binding pocket. Such interactions align the substrate molecule in
bDefined by IUPAC as a compound that is foreign to a living organism, and potentially harmful.
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Figure 1.3: Schematic representation of P450cam binding pocket containing camphor.
a particular way that fosters the reaction at one specific site. A striking ex-
ample is the crystal structure of the cytochrome P450 of Pseudomonas putida
(P450cam) containing its substrate,49 schematically represented in Figure 1.3.
This enzyme selectively oxidizes the 5-exo position of camphor. The hydrogen
bonds with Tyr96 and the interaction between the geminal dimethyl group with
Val295 place one specific C–H bond closer to the iron. Oxidation of that bond
leads to the 5-exo-hydroxycamphor, as the sole product.
In general, one can identify three agents in CYP450: (i) the heme group
responsible for performing the reaction, (ii) supramolecular directing groups
responsible for placing the substrate geometrically in relation to the metal atom,
and (iii) the substrate itself.
Being aware of the importance of intermolecular interactions in the selec-
tivity, many researchers produced metalloporphyrins bearing supramolecular
directing groups, such as β-cyclodextrin. The goal was to mimic the natural
system and build “artificial enzymes”. The enhancement of reaction rates and
elevated regioselectivity for many examples were described in recent books.50, 51
These groups are covalently bond to the porphyrin ring, usually in the meso po-
sition. Based on our previous experience with metallopolymers, we envisaged
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in Chapter 8 an alternative approach to integrate the active site model with the
supramolecular directing structure. The working hypothesis was to use linear
homopolymersc bearing different side chains in order to induce selectivity of
oxidations catalysed by a manganese porphyrin. The functional group of the
side chains were expected to interact with the substrate (c.f. moieties Tyr96,
Val295 in Figure 1.3) in order to influence the reactivity. The catalyst in turn
was not covalently bond to the polymer, although some interactions were ex-
pected (c.f. Asp297 and Arg299 for example).
1.2 Computational methods applied to pentacyanoferrate and
metalloporphyrins
The characteristics of every chemical structure are rooted in the mechanics
that mediates the interaction between nuclei and electrons. The quantum me-
chanics applies fundamental laws of physics to (almost) quantitatively describe
the behavior of matter and the interaction with electromagnetic radiation. Equa-
tions of many-electron systems cannot be solved analytically and the need for
approximations give rise to different theories. Their uses rely on implementa-
tion in computer programs, which allows the numerical simulation of chemical
structures, reactions and physical properties. Currently, an increasing number
of experimental works use computational methods to corroborate their conclu-
sions.
Compounds of TMs are in general more difficult to describe from first prin-
ciples than those containing only light elements e.g. organic molecules. In
spite of that, density functional theory (DFT) and multiconfigurational second
order perturbation theory (CASPT2 and RASPT2) are the most common tools
cDefined by IUPAC as polymers derived from one species of monomer, e.g., · · · –A–A–A–· · · .
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to investigate TM systems. Chapter 2 provides an overview of these methods.
Pentacyanoferrate(II) coordinated to N-heterocycles have a characteristic elec-
tronic absorption in the visible region of the spectrum that was known since
the decade of 1970. It is ascribed to charge transfer from the metal to the N-
heterocycle. The transition energy is dependent not only on the structure of the
N-heterocycle, but also on the interaction with solvating molecules. This prop-
erty, called solvatochromism, was explored in the studies reported in Chapters
3 and 4. CASPT2 calculations performed by Formiga and coworkers52 showed
remakable agreement with experimental transition energies for [Fe(CN)5L]
3–
with L being a series of para-substituted pyridines, pyrazine and N-methylpyr-
azinium. Moreover, the importance of the solvent in the accuracy of the calcu-
lation was demonstrated. Recently, our group investigated the structure and the
electronic spectrum of the pentacyanoferrate with L = pyridine-4-carboxylate
using DFT and its time-dependent theory.33 The attribution of the band in the
visible spectrum agreed with the former calculation at CASPT2 level.
The reactive intermediate in oxygen atom transfer reactions catalysed by
metalloporphyrins is identified as a high-valent metal-oxo species.53, 54 By the
virtue of the biological relevance, metalloporphyrins and metal-oxo porphyrin
have been studied computationally.55–58 Investigations of oxidation reactions
between iron-oxo group and an alkane revealed that the reaction mechanism
may proceed via pathways with different spin multiplicity. The low relative
energy between states with different multiplicity, and the existence of crossing
points allowed the formulation of the two-state reactivity paradigm.59 It was
readily applicable to iron-oxo porphyrin and to the modeling of CYP450 reac-
tions.58–60
In the case of manganese porphyrins, the reactivity was recently rational-
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ized computationally57 in agreement with experimental data.61, 62 The electronic
ground state of Mn-oxo porphyrin is a closed-shell singlet. Low-lying excited
states with higher multiplicity (triplet and quintets) have unpaired electrons and
are thus more reactive. Consequently, the reactivity depends on the transition
from the unreactive ground state to a reactive high-spin excited state.57 The re-
activity is intrinsically associated to the relative energies of the electronic state
of Mn-oxo porphyrin. Therefore, the computational method must accurately
describe this feature known as spin-state energetics. The computational method
used in these works was DFT, which usually is not accurate for spin-state ener-
getics in TM systems. For example, the ground state of the Mn-oxo porphyrin
is a quintet if the functionald used in DFT calculation is changed.63–65 More-
over, the density of unpaired electrons over the oxo group is also dependent
on the functional, which can affect the conclusion drawn for reaction mecha-
nisms. In this context, Chapter 9 uses multiconfigurational methods (CASPT2
and RASPT2) to provide a more accurate description of the electronic structure
of Mn-oxo porphyrins. Moreover, it compares results obtained by this ab initio
wave function methods and by density functional methods.
dThis concept is discussed in Chapter 2, where more details about DFT, CASPT2 and RASPT2 are given.
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1.3 Goals and thesis presentation
The goal of this PhD project is two-fold. The major goal of the experimental
work is
• to combine the inherent properties of transition metal compounds with
properties of high-molecular weight structures.
Namely, the solvatochromism and catalytic activity of pentacyanoferrate and
manganese porphyrins are combined with high surface area, high electronic
conductivity, and specific intermolecular interactions of carbon nanotubes, gold
nanoparticles and linear homopolymers. In the theoretical work, the goal is
• to provide the relationship between the electronic structure of manganese-
oxo porphyrin with reactivity.
Overview
The initial idea of studying transition metal complexes and polymers was
conceived by Prof. Andre´ Formiga and Prof. Maria Isabel Felisberti of the
Institute of Chemistry at Unicamp. Prof. Formiga was interested in coordi-
nation compounds such as [Fe(CN)5(py)]3−, where py = pyridine, while Prof.
Felisberti recognized that the polymer poly(4-vinylpyridine) bears similar coor-
dinating group. The initial hypothesis was that the pentacyanoferrate(II) would
coordinate to the pyridyl side chain of the polymer. After some characteriza-
tion, they were convinced that the system deserved further investigation. Then,
I accepted this task excited about the possibility of exploring the interface be-
tween coordination chemistry and polymer chemistry. By the time I started, an
undergraduate student named Bianca Martins partnered up with me so that we
help in each other’s project. The outcome of my project is presented in Chap-
ter 3. Her project aimed the association with carbon nanotubes, which gave rise
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to Chapter 4. The preparation procedure learnt was latter used to provide the
material applied to electrode modification, whose investigation herein consists
of Chapter 5. This work was done in collaboration with Prof. Lauro Kubota.
The results of Chapter 3 taught me that the environment created by the sur-
rounding polymer chain in solution was able to change some properties of
the embedded transition metal complex. The next level of studies demanded
a higher level of complexity. The metal complex was chosen as metallopor-
phyrins due to the wealth of information available about these systems and the
obvious connection to sophisticated biological macromolecules. The property
of interest was chosen as the catalytic oxidation also inspired by the possibility
of mimicking monooxygenases. The complexity of the polymer was conceptu-
ally unchanged: commercially-available linear homopolymers.
The syntheses and characterization of meso-tetrakis(pentafluorophenyl)por-
phyrin and its manganese(III) complex is described in Chapter 6. The com-
plex was applied to the electrochemical detection of L-cysteine, as described in
Chapter 7, thanks to a collaboration with with Prof. Juliano Bonacin. Whereas
the main idea of enzyme mimicking with a polymer is developed in Chap-
ter 8. The active oxydizing species in metalloporphyrin-catalyzed oxidations
is a high-valent metal-oxo species. The electronic structure of this species is
believed to be a key aspect in the regulation of its reactivity towards oxygen
atom transfer. In order to investigate the electronic structure, a detailed study is
reported in Chapter Chapter 9 employing density functional and multiconfigu-
rational ab initio methods CASPT2 and RASPT2.
It is important to mention that Chapters 3–5, 7–9 are verbatim copies of
either published or submitted articles. The numbers of figures and tables
were changed to fit the format of this text, and the references to “Supplementary
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Information” were replaced by reference to the Appendix.
Finally, the reader is referred to Appendix F for general information on
safety. Handling instructions and description of the potential hazards of the
most problematic chemicals used in this work are also provided.
Summary and methods employed in each chapter
Chapter 2 presents density functional theory and points out its limitation
to describe systems with large multi-reference character. This feature is suit-
ably addressed by multiconfigurational second order perturbation theory, where
static electronic correlation is included by means of a multiconfigurational wave
function and dynamic correlation is treated by second order perturbation theory.
Chapter 3 reports the formation of a metal-containing polymer composed
by pentacyanoferrate and poly(4-vinylpyridine), called P4VP-Fe(CN)5 metal-
lopolymer. The binding between both is probed by electronic absorption spec-
troscopy in the ultraviolet-visible range (UV-vis) and vibrational spectroscopy
in the infrared region. The effect of the polymer on solvatochromism of penta-
cyanoferrate is investigated by UV-vis, while the effect of pentacyanoferrate on
the hydrodynamic volume of the polymer coil is probed by capillary viscosime-
try.
Chapter 4 describes how the P4VP-Fe(CN)5 metallopolymer interacts with
carbon nanotubes to form a suspension in water/ethanol. The investigation uses
heteronuclear multiple bond correlation (HMBC) of 1H and 15N nuclei and UV-
vis spectroscopy. The interaction can be disrupted in acidic medium and the
structural integrity of the separated CNT is assessed by Raman spectroscopy.
The preservation of integrity is reflected in the semiconducting behavior of films
formed when the suspension is dried. The conductivity measurements was per-
formed with a four-probes setup.
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Chapter 5 reports the application of the above-mentioned suspension of
CNT/P4VP-Fe(CN)5 in the electrochemical detection of L-cysteine. The drop-
cast film is inspected by scanning electron microscopy. The electrocatalytic
activity of the hybrid material is characterized by cyclic voltammetry and the
analytical application to L-cysteine electrooxidation by chronoamperometry.
Chapter 6 brings a detailed description of the synthesis, purification and
characterization of meso-tetrakis(pentafluorophenyl)porphyrin and its manganese
complex. The effect of dimethylformamide as solvent is discussed. The por-
phyrin is characterized by elemental analysis, UV-vis, flurescence spectroscopy,
nuclear magnetic resonance of 1H and 19F nuclei, mass spectrometry with elec-
trospray ionization (ESI-MS) and by ESI-MS/MS using a triple quadrupole.
The manganese complex was characterized by elemental analysis, ESI-MS,
ESI-MS/MS and single-crystal X-ray diffraction.
Chapter 7 reports the application of the above-mentioned manganese por-
phyrin in the electrochemical detection of L-cysteine. The electrocatalytic ac-
tivity is observed after utilization of gold nanoparticles functionalized with 4-
mercaptopyridine on the surface of fluoride-doped tin oxide electrodes. The
interaction between the electrocatalyst and the support was probed by UV-
vis. The electrocatalysis and analytical application is performed following the
methodology in Chapter 5.
Chapter 8 describes the effect of poly(acrylic acid) on the selectivity of
oxygen-atom transfer reactions catalyzed by the manganese porphyrin. The
products of the reactions are identified and quantified by gas chromatography-
mass spectrometry. The polymer is characterized by potentiometric titration.
The interaction between the polymer and substrates is investigated by isother-
mal titration calorimetry, while the interaction between the polymer and the
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manganese porphyrin is by UV-vis and X-ray absorption spectroscopy. UV-vis
provided insights on the mechanism, suggesting a generalization of the mecha-
nism currently accepted in oxidations in the presence of carboxylic acids. The
result of test reactions with other polymers is reported.
Chapter 9 discusses the relative energies of low-lying electronic states of
manganese-oxo porphyrins employing multiconfigurational second order per-
turbation theory. The effect of inclusion of solvent mimicking the one used in
the catalytic assays is shown. The effect of substitution of hydrogens in the
meso position by fluorines is also explored. The Mn–O potential curve is cal-
culated for the ground state, triplet and a quintet low-lying states at CASPT2
and DFT levels. This study points a distinct behavior of the triplet, in which a
strong diradical character develops along the dissociation coordinate. This find-
ing is associated to the oxyl character responsible for the experimental reactivity
of such compounds. A benchmarking study of different density functionals is
pursued to compare the results of calculations in both levels of theory.
Chapter 10 finally brings a discussion of transversal aspects of the work,
together with the main conclusions and perspectives. Supporting information is
placed in the appendix.
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Chapter 2
Computational Methods
2.1 Density Functional Theory
The Density Functional Theory (DFT) originates from the seminal works
of Thomas66 and Fermi,67 who independently proposed a model for a non-
interacting electron gas. At the same time, quantum mechanics was born in the
formalisms of Schro¨dinger and Dirac. In 1964, Hohenberg and Kohn68 proved
that the electronic ground state of a many-electron system can be completely
described by the electronic density.
The electronic density of a molecule with N electrons is given by the func-
tion ρ(x, y, z) that solely depends on three spatial coordinates, or ρ(r) in short.
Wave function theory describes each electron as function of xi, yi, zi and ξi
(being ξi the spin coordinate) and hence, the N-electron wave function depends
on 4N variables ψ(x1, y1, z1, ξ1, · · · , xN , yN , zN , ξN). This difference in the
number of variables required to define the electronic density ρ(r) and the wave
function ψ makes it very appealing to work with ρ(r). The Hohenberg-Kohn
theorems prove the existence of a universal functional F [ρ] that yields the total
energy of the system, but unfortunately its exact expression is not known.
A many-body system formed by M nuclei and N electrons in a given ge-
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ometry and a non-degenerated ground state has the properties: (i) energy E0,
(ii) the potential external to the electronic system v(ri) resulted from nuclei-
electron interaction (Eq. 2.1). The first Hohenberg-Kohn theorem shows that
v(ri) and N can be determined through the electronic probability density of the
ground state (ρ), providing a full description of the system. Consequently, the
energy E0 is a functionala of ρ0, written as E0 = Ev[ρ]. The subscript v denotes
the dependency of the position of the nuclei, which generates v(ri).
v(ri) = −
M∑
k=1
Zk
|rk − ri| (2.1)
Since ρ determines all properties of the system, the energy functional can be
decomposed as a sum of functionals of ρ:
Ev[ρ] = Vne[ρ] + T [ρ] + Vee[ρ] =
∫
ρ(r)v(r) dr + F [ρ] (2.2)
where Vne is the nucleus-electron attraction, T is the kinetic energy and Vee is the
electron-electron interaction energy. The unknown functional F [ρ] comprises
the last two terms and it provides the energy associated to the electrons.
The second Hohenberg-Kohn theorem68 shows that ρ(r) follows the varia-
tional principle. It means that the exact density can be obtained by minimizing
the energy functional with respect to density variations. Naturally, the exact
energy can only be calculated if the exact expression of the energy functional is
known, i.e. F [ρ]. Minimization using the Lagrange multiplier µ yields69
µ = v(r) +
δF [ρ]
δρ(r)
= v(r) +
δT [ρ]
δρ(r)
+
δVee[ρ]
δρ(r)
(2.3)
Kohn and Sham70 developed a self-consistent method that generates the elec-
aA function y = f(x) associate each number x with another number y. A functional F [f(x)] links the function
f(x) to a number F performing an integration usually.
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tronic density of the system from a reference system of non-interacting elec-
trons. The electronic kinetic energy in this non-interacting framework Ts[ρ] is
given by the individual contributions of each one of the N single-particle func-
tions φi (Eq. 2.5). In fact, they introduced the concept of orbitals in DFT and
hence, φi are usually called the Kohn-Sham orbitals. The density follows from
the statistical interpretation of |φ|2. [71, p.421]
ρ(r) =
N∑
i=1
|φi(r)|2 (2.4)
Ts[ρ] =
N∑
i=1
∫
φi(r)
∗
[
−1
2
∇2
]
φi(r) dr (2.5)
This approximation of the kinetic energy is a considerable improvement over
the earlier expressions of Thomas and Fermi,66, 72 which rely on explicit func-
tionals of N -body function ρ. Kohn and Sham also defined F [ρ] as
F [ρ] = Ts[ρ] + J [ρ] + Exc[ρ] with J [ρ] =
1
2
∫∫
ρ(r)ρ(r′)
|r− r′| drdr
′ (2.6)
where J is the coulombic interelectronic repulsion energy andExc is the exchange-
correlation energy. The exchange-correlation functional has the central role of
describing the correction for all approximations. Comparing Eq. 2.6 with the
general definition of the universal functional F [ρ] = T [ρ] + Vee[ρ] we find that
Exc[ρ] = (T [ρ]− Ts[ρ]) + (Vee[ρ]− J [ρ]) (2.7)
Note that the first parenthesis comprises a correction to the kinetic energy
including the interelectronic interaction. The second parenthesis takes into ac-
count the interelectronic interaction energy excluding the classical repulsion.
What is left is the product of quantum mechanical effects. The challenge in
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DFT development is to derive expressions for such non-classical interactions,
since the accuracy of DFT depends on the quality of the exchange-correlation
functional.
The minimization of energy expression in Eq. 2.2 using the definition of Eq.
2.7 gives
µ = v(r) +
δJ [ρ]
δρ(r)
+
δExc[ρ]
δρ(r)
+
δTs[ρ]
δρ(r)
(2.8)
Substituting Eq. 2.7 in Eq. 2.8 brings back the original exact expression of DFT
(Eq. 2.3). This identity means that the density of the actual interacting system
is the same as the density of the non-interacting electrons subject to an effective
potential vef .
vef(r) = v(r) +
δJ [ρ]
δρ(r)
+
δExc[ρ]
δρ(r)
(2.9)
The Hamiltonian for a non-interacting electronic system subject to an exter-
nal potential vef(r) is
Hˆ = −1
2
N∑
i=1
∇2i +
N∑
i=1
vef(ri) (2.10)
This operator is separable in N eigenvalue equations of the form[
−1
2
∇2i + vef(r)
]
φi(r) = εiφi(r) (2.11)
that can be solved iteratively in a self-consistent manner. The eigenfunctions φi
can be expressed as a linear combination of basis functions and its coefficients
are treated variationally to minimize the energy. This procedure is similar to that
implemented by Hartree-Fock-Roothaan for wave function-based methods.73
Unlike HF, DFT is theoretically able to produce exact results because effects
of exchange and correlation are described by Exc[ρ]. However, its analytical ex-
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pression is unknown and there is no systematic procedure to assure an improve-
ment of the description. [71, p.581] Literature reports a whole lot of expressions
for the exchange-correlation functional, which are built based on different cri-
teria. In general, Exc is a functional of ρ(r) and its higher derivatives. The
simplest approximation is called Local Density Approximation (LDA) and, as
the name suggests, is a functional of ρ(r) exclusively. The Generalized Gradi-
ent Approximation (GGA) encompasses the first derivative as Exc[ρ,∇ρ] and
the meta-GGA also includes the kinetic energy, i.e. the second derivative.
Some functionals may incorporate a fraction of the exchange energy calcu-
lated by means of the HF method (EHFx ). These are called hybrid functionals and
the percentage of HF admixture usually influences the results. The benefit of in-
cluding EHFx and ∇2ρ is the correction (at least partially) of the self-interaction
problem present in LDA and pure GGA functionals.74, 75 In these, the density
of one electron interacts with itself, which is not plausible.
Finally, the percentage of HF exchange and several other parameters inside
the expression can be fitted based on experimental data. The Minnesota func-
tionals usually have more than ten adjusted parameters, for example.76, 77 It
is possible to conclude from this strategy of constructing Exc that DFT is a
semi-empirical method. On the other hand, functionals constructed based on
satisfaction of physically meaningful constraints75 could be regarded as derived
from first principles (ab initio).
DFT calculations in general are quite successful to model several properties
of chemical systems including those containing TMs. For example, equilib-
rium and transition state geometries, activation energies, electronic transition
and binding energies, among others.78–81 Recently, more and more experimen-
tal works contain computational modeling (usually from DFT) to support the
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observations. The low computational cost in comparison to correlated wave
function methods and the availability of robust quantum chemical software are
also responsible for the popularization of DFT among chemists.
The DFT formulation of Hohenberg-Kohn-Sham68, 70 was originally made
for closed-shell systems. Generalization for molecules having unpaired elec-
trons relied on a later extension of the theory to include spin.82, 83 This made
possible the study of transition metal (TM) systems, because they are usually
open-shell. The total density ρ becomes the summation of ρα and ρβ of the Nα
e Nβ electrons, that sums to N . Analogously, Eq. 2.4 can be written for both α
and β electrons using the respective KS spin orbitals. One important property
in open-shell systems is the spin density, which is the difference between ρα
and ρβ. The spin density reveal the spatial inhomogeneity of the distribution of
α and β electrons, and consequently it can be interpreted as the region in space
where unpaired electrons are more likely to be found.84
In the so-called unrestricted calculations either DFT or HF, the α and β elec-
trons are separated. The spatial part of each spin orbital of both α and β type is
optimized, which usually results in the differentiation (either in terms of appear-
ance and energy) of the orbitals of each type. The advantage of this method over
restricted open-shell calculations is that the orbital energies can be interpreted
as ionization potentials. However, the unrestricted wavefunction is no longer an
eigenfunction of the Sˆ2 operator. This means that the solution for a e.g. triplet
state will be “contaminated” with unphysical contributions of a quintet, septet,
etc states. This phenomenon is called spin contamination. The extent of con-
tamination can be diagnosed checking the the difference between the calculated
value of 〈S2〉 and the expected value S(S + 1).84
Nevertheless, describing such systems with a single Slater determinant might
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not be sufficient for open-shell systems with near-degenerated electronic states
(large multi-reference character). These cases requires more determinants to
account for all different electronic configurations. Thus, the DFT results of rel-
ative energies of spin states of TM compounds are notably functional-dependent
and less trustworthy than those obtained by multiconfigurational methods.
2.2 Complete Active Space Self-Consistent Field and Second-
Order Perturbation Correction
The description of near degeneracy effects is considerably improved if the
wave function is expressed a linear combination of a limited number of im-
portant determinants. Since a monodeterminantal wave function, considered
one configuration, a wave function represented as in Eq. 2.12 is called Multi-
configurational Self Self-Consistent Field wave function.85 It uses Slater deter-
minants or configuration state functions, which are linear combination of Slater
determinants that respects symmetry and spin multiplicity constraints.
Φ = c0Ψ0 + c1Ψ1 + c2Ψ2 + · · · (2.12)
The relative importance of each determinant (and normalization constant) is
expressed by the coefficients ci. They are optimized, together with the molecu-
lar orbitals, in order to minimize the total energy. A common approach to select
important configurations is to select a set of orbitals that are chemically rele-
vant to the problem at hand. This is the basis of the Complete Active Space
Space Self-Consistent Field (CASSCF) method. The full set of orbitals is di-
vided in three spaces, as represented in Figure 2.1. The inactive orbitals remain
always doubly occupied while the virtual orbitals are always empty and hence,
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no excitations from or to these orbitals is taken into account. The so-called ac-
tive space contains the orbitals participating in the excitations included in the
CASSCF wave function and thus, have occupation numbers between two and
zero (red boxes in Figure2.1). As a consequence, CASSCF depends on the
choice of orbitals that form the active space, being not as straightforward to
use as HF or DFT. Nonetheless, the CASSCF method recovers a large part of
the so-called static correlation, which is associated with the existence of near-
degenerate electronic states.CASSCF and CASPT2
Occupied
orbitals
Virtual
CASSCF RASSCF
All 
possible 
excitations
Inactive
10
C(R)ASSCF
• Static
correlation
C(R)ASPT2
• Static
• Dynamic
correlation
Second-order
perturbation
theory
RAS1
RAS3
RAS2
Figure 2.1: Schematic representation of CASSCF and RASSCF division of the orbitals.
In general, the active space must be composed by orbitals relevant to describe
the phenomenon of interest. For example, in the case of a dissociation of a
chemical bond, it must contain the bonding and antibonding orbitals relative to
that bond. In the case of a charge-transfer, it must contain the occupied orbitals
of the donor and the unoccupied orbitals of the acceptor group involved in the
transfer process. The selection therefore requires a general understanding of the
chemical aspects about the problem of interest.
The d orbitals are involved in the chemical properties of TM systems and
are important to describe static correlation as well. Thus, they always should
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be included in the active space of such systems. For first-row transition met-
als, a second set of d orbitals must also be included (4d, also referred as 3d’)
to take into account the so-called double shell effect. The number of neces-
sary 4d orbitals depends on the occupation of the respective 3d. In the case of
TM complexes, all orbitals involved in the bonding between the metal and the
ligands should be included as well, namely the pairs of bonding and antibond-
ing orbitals and those involved in backdonation. With this, a good description
is obtained for the main static correlation effects involving the bonds between
the metal and ligands. These fundamental guidelines are the result of extensive
investigations on TM systems.86–88
Typically, CASSCF calculations are performed with up to 16 electrons in
16-18 active orbitals. Beyond this number, the total number of configuration
state functions make the calculation unfeasible. However, the addition of more
orbitals is often necessary to suitably model the system. In this case it is imper-
ative to apply further restrictions to the active space. The method is called Re-
stricted Active Space Self-Consistent Field89 (RASSCF) and divides the active
space in three sub-spaces represented in Figure 2.1 on the right. A limited num-
ber of holes is allowed in RAS1 to produce excitations to the other subspaces.
Analogously, up to a certain number of electrons are allowed into RAS3 com-
ing from excitations from the other subspaces. The blue arrows in Figure 2.1
represent this characteristic. All excitations between the orbitals of the RAS2
sub-space are included in the wave function.
The properties of different first-row TM complexes were investigated based
on different compositions of the three subspaces and number of allowed exci-
tations (from RAS1 and into RAS3).90 The following criteria to distribute the
orbitals over the three sub-spaces resulted from it.
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RAS1 should contain: (i) nearly doubly occupied orbitals, (ii) maybe orbitals
involved in excitation processes, which requires up to triples excitations.
RAS2 should contain: (i) singly occupied orbitals, (ii) all pairs of bonding
and antibonding orbitals involved in covalent interactions between the metal
and the ligands, (iii) the metal and ligand orbitals involved in charge-transfer or
ligand field transitions.
RAS3 should contain: (i) 4d set to accounts for double shell effect, (ii) nearly
empty orbitals in general and maybe those involved in electronic transition. In
this case, up-to-triples excitations in RAS3 is necessary, but often quadruples
are also needed.
Calculations of CASSCF or RASSCF describe only static correlation, where-
as dynamic correlation is still neglected. The first kind of correlation is associ-
ated with the existence of near-degenerated electronic states, while the second
is associated to the correlated movement of electrons due to interelectronic re-
pulsion. It is important to mention that the differentiation between static and
dynamical correlation is subjected to discussion. Nevertheless, the inclusion of
dynamic correlation is imperative to achieve reliable quantitative results. The
Møller Plesset (MP) perturbation theory is one of the post-HF methods able to
include correlation. The reference (zeroth-order) Hamiltonian Hˆ0 adds to an
operator Hˆ ′ responsible to describe the correction.84
Hˆ = Hˆ0 + λHˆ
′ (2.13)
The factor λ determines the strength of the perturbation, which is small. The
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energy and the wave function can be expanded as a Taylor series of λ.
EMP = EMP0 + λEMP1 + λ
2EMP2 + · · ·+ λnEMPn
Φ = Φ0 + λΦ1 + λ
2Φ2 + · · ·+ λnΦn
(2.14)
The perturbation can be extended up to many orders (MP2, MP3 and so on)
with increasing gain of correlation energy, and naturally with increase of the
computational cost. In MP theory, the zeroth-order Hamiltonian is the sum-
mation of one-electron Fock operators. This choice makes EMP0 equal to the
sum of HF orbital energies. The first-order energy corrects the overcounting of
electron-electron repulsion inEMP0. As a result, EMP0 +EMP1 is exactly the HF
energy. Consequently, inclusion of correlation starts only at the second order.
EMP2 accounts for double excitations between all occupied to virtual orbitals.
Hence, the electrons in the inactive space are included in the description of the
total electronic correlation.
CASSCF and RASSCF can be considered an extension of HF theory, over
which the static correlation is included. Since MP2 theory uses the HF Hamil-
tonian as a reference, it can also be applied to a multiconfigurational formu-
lation. The resulting multi-configurational second order perturbation theory,
termed as CASPT291 and RASPT2,89 extends MP2 to cases where the refer-
ence wave function is of CAS or RAS type. The MP2 treatment is relatively
cheap and accounts for 80-90% of the total correlation energy.84 Higher orders
such as CASPT3 are less common, hence CASTP2 and RASPT2 are the prefer-
able methods to investigate near-degenerated and strongly correlated chemical
systems.
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Chapter 3
Supramolecular interactions between
inorganic and organic blocks of
pentacyanoferrate/poly(4-vinylpyridine)
hybrid metallopolymer
The content of this chapter is an adaptation of the article entitled “Supra-
molecular interactions between inorganic and organic blocks of pentacyano-
ferrate/poly(4-vinylpyridine) hybrid metallopolymer” by Sergio Augusto Ven-
turinelli Jannuzzi, Bianca Martins, Maria Isabel Felisberti, and Andre´ Luiz
Barboza Formiga reprinted with permission from The Journal of Physical
Chemistry B. Copyright 2012. American Chemical Society. The license to
use this article in this thesis is found in Appendix E.1.
Reference: J. Phys. Chem. B 2012, 116, 14933–14942.
My contribution to this work was the synthesis and characterization of the
metallopolymer, design and execution of the experiments of solvatochromism,
capillary viscosimetry and writing the publication.
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3.1 Introduction
The combination of organic and inorganic domains in a hybrid material is a
promising approach towards new functionalities, which may arise either from
the synergistic interaction between the different domains or from the simple ad-
dition of the properties of both domains in a single matrix. The incorporation
of metal ions and coordination compounds in organic polymers allows the spe-
cific properties of the metallic centers, such as catalytic, electronic, magnetic,
electrochromic and luminescence capabilities, to be imparted onto a macro-
molecular scale.4, 6 The latter properties, usually related to molecules dissolved
in a solution, are now able to be incorporated onto lyophobic polymeric col-
loidal particles, surfaces of micelles92, 93 or multi-layered architectures,94, 95 for
example, where they may yield new molecular-designed functional materials.
In general, metallopolymers can be synthesized in three different ways: by
living polymerization of a metal-containing monomer;96 by reaction between
metal ions and a pre-formed polymer bearing coordinating heteroatoms97, 98 or
by supramolecular polymerization between a doubly-functional organic spacer
and a metal ion.99 The first approach demands a careful study of the reaction
conditions to control chain growth. On the other hand, the last two approaches
seem to be more readily applicable to coordination compounds since the organic
moiety might be thought of as a macromolecular ligand. Thus, the knowledge
from traditional coordination chemistry is now applicable to facilitate metal-
lopolymer synthesis. The metal-macroligand interaction is an unexplored field
because the macromolecular nature of the ligand may lead to modification of
the chemical environment, may interfere in the stability and kinetics, and may
be used for supramolecular self-assembly, for instance.
A problem that had to be faced at the early stages of incorporation of met-
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als into polymers was the lack of solubility of the products.4 However, the
pair poly(4-vinylpyridine) (P4VP) and pentacyanoferrate(II) showed the advan-
tage of being soluble over a reasonable range of water/methanol compositions.
This fact allowed Anson and collaborators,24 at the beginning of the 1980’s,
to produce coated electrodes by casting homogeneous solutions of the metal-
lopolymer with known composition. This procedure turned out to be an ad-
vantage with respect to reproducibility over other poly(4-vinylpyridine)-based
systems reported in earlier papers of the same group,100, 101 where the electro-
chemical responses were determined by the coating procedure. During the
1990’s, other papers102, 103 on the electrochemistry of poly(4-vinylpyridine)-
pentacyanoferrate(II) (P4VP-[Fe(CN)5]3−) metallopolymer were published.
Recognizing that the earlier papers were focused on metallopolymer elec-
trochemistry, the present work aims to describe this system in solution from a
supramolacular point of view, to perceive how each block of the same metallo-
macromolecule interferes with the properties of the other. The solvatochromic
shift of the [Fe(CN)5] moiety was investigated, giving information about the
polarity of its chemical environment, as well as the intrinsic viscosity of dilute
solutions, which is related to the hydrodynamic volume of the metallopolymer
coil.
3.2 Experimental section
Materials. All reagents were used as received from commercial sources,
with no further purification.
Synthesis of Na3[Fe(CN)5NH3]·3H2O. The inorganic block precursor sodi-
um aminopentacyanoferrate(II) has a labile ammonia ligand that was designed
to be displaced by the pendant pyridyl moieties of P4VP. The procedure was
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based on sodium nitroprusside (99%, Merck) in concentrated ammonium hy-
droxide (28%, Sigma Aldrich), as described in the literature.104 The reaction
yield was 87%. The FTIR spectrum shows intense and asymmetric bands at
2035, 2046 and 2089 cm−1 related to vibration modes envolving C≡N streching
that are expected for complexes of [FeII(CN)5Ln]n−3.105 Additionally, bands re-
lated to the amino group are observed at 3380-3250, 1653, 1265 and 712 cm−1.
They are attributed to ν(NH), δd(NH3), δs(NH3) and ρr(NH3), respectively. The
amount of crystallization water molecules was calculated by thermogravimetric
analysis. Elemental analysis resulted in C 17.92% (18.42%); H 2.75% (2.78%)
and N 25.36% (25.78%), where expected values are in parethesis.
Synthesis of Na3[Fe(CN)5py]·3H2O. The complex sodium pyridylpenta-
cyanoferrate(II) was prepared in order to serve as a reference compound for
the pentacyanoferrate bound to the pyridyl moieties of the P4VP chain. Sodium
aminopentacyanoferrate(II) 0.5 g (1.45 mmol) was dissolved in 2.5 mL of dis-
tilled water and 2.5 mL of a 3 mol L−1 aqueous solution of pyridine (99%,
Queel Indu´strias Quı´micas S. A.) was added. The mixture was cooled in an ice
bath for 30 minutes in the dark. The precipitation of the yellow solid started
by adding 5.0 g (33 mmol) of NaI (99.9+% Merck) and was completed after
addition of 80 mL of ethanol. The precipitate was filtered, washed with ethanol
and recrystallized three times. After that, the thick yellow paste was placed in
a clean vial and dried in a desiccator containing phosphorous pentoxide. The
reaction yield was 50%. The FTIR spectrum exhibits strong, asymmetric bands
related to ν(CN) at 2050 cm−1 and 2042 cm−1 with a shoulder at 2021 cm−1. A
band at 1625 cm−1 is assigned to CN vibrations in the pyridinic ring, while two
weak bands in the 2850-2930 cm−1 range are evidence of ring CH streching.
Synthesis of the metallopolymers. Initially, 5.0 mL of a poly(4-vinylpyr-
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idine) (99%, Mw = 160000, Aldrich) stock solution in ethanol with a concen-
tration of 422 mmol L−1 of the polymer repeating unit (44.4 g L−1 of P4VP) is
placed in a round-bottom flask and is deaerated by flowing nitrogen for 15 min.
An aliquot of a 123 mmol L−1 aqueous solution of Na3[Fe(CN)5NH3]·3H2O is
added and the mixture is stirred at room temperature for 2 hours. The aliquot
volume was chosen to achieve a desired polymer repeating unit/pentacyanofer-
rate molar ratio (py/Fe). The samples are labeled as [Fe(CN)5(P4VP)S], with S
representing the py/Fe ratio. The chosen values, along with solution volumes,
are shown in Table 3.1. During the stirring, a small amount of water was added
to homogenize the forming metallopolymer solution. After that, the flask’s at-
mosphere was saturated with nitrogen and it was stored at 8 °Cin order to slow
decomposition. The integrity of the samples of up to three weeks was attested
by UV-vis spectroscopy.
Table 3.1: The P4VP-[Fe(CN)5]3− metallopolymer samples prepared.
py/Fe Volume of Volume of Volume of
Sample name molar [Fe(CN)5]3− P4VP water
ratio solutiona (mL) solutionb (mL) added (mL)
[Fe(CN)5(P4VP)5] 5 3.441 5.00 1.3
[Fe(CN)5(P4VP)10] 10 1.721 5.00 1.6
[Fe(CN)5(P4VP)25] 25 0.688 5.00 2.2
[Fe(CN)5(P4VP)50] 50 0.344 5.00 2.0
[Fe(CN)5(P4VP)75] 75 0.229 5.00 2.0
[Fe(CN)5(P4VP)100] 100 0.172 5.00 2.0
[Fe(CN)5(P4VP)200] 200 0.086 5.00 2.1
[Fe(CN)5(P4VP)400] 400 0.043 5.00 2.0
a 123 mmol L−1 in water. b 422 mmol L−1 in ethanol.
Infrared Spectroscopy. FTIR analyses of the complexes and of the dried
ground metallopolymers were performed in a ABB Bomen MB Series spec-
trophotometer using KBr pellets, in the range of 400-4000 cm−1. The pure
P4VP film could not be suitably ground, thus the spectrum was acquired in total
reflection mode by a Smiths Illuminati IR II infrared microprobe in the range
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of 650-4000 cm−1. The spectrum intensity was corrected by the equipment’s
software to allow comparison with FTIR spectra.
Solvatochromic measurements. An aliquot of the freshly prepared met-
allopolymer solution was transferred to a 3.5-mL quartz cuvette with 1 cm of
optical length. Distilled water or ethanol was added in order to achieve a de-
sired water molar fraction for the solvent. The solution was diluted using a
water/ethanol mixture of the same water molar fraction until the concentration
of pentacyanoferrate(II) reached 2.5×10−4 mol L−1 so that the absorbance was
in the range of unity. After sample preparation, the cuvette was placed in a HP
Agilent 8453 Ultraviolet-Visible spectrophotometer and the spectrum was ac-
quired in the range of 200-1100 nm. The procedure was done for at least seven
different water molar fractions for each of the samples listed in Table 3.1.
Capillary viscosimetry measurements. The viscosimetry was performed
in a Cannon-Fenske capillary viscosimeter immersed in a thermostatized water
bath at 25 °C. After 10 minutes of thermostatization, the flow time was mea-
sured with a chronometer at least three times, with less than 1% of deviation
between them. The intrinsic viscosity was calculated based on four dilutions of
each of the samples listed in Table 3.1.
3.3 Results and discussion
3.3.1 Metallopolymer formation
A key feature of metallopolymer formation is the different solubilities of its
constituents in the solvents used. Sodium aminopentacyanoferrate(II) is solu-
ble in water, but not in ethanol, whereas P4VP is not soluble in water, but is
in ethanol. Due to this fact, the mixtures of both solutions immediately phase
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separate into a milky white bottom phase and a clean yellow upper phase. How-
ever, a few minutes latter the mixture becomes homogeneous, indicating that
the product of the reaction depicted in Figure 3.1 is soluble in the water/ethanol
medium. The ammonia ligand of sodium pentacyanoferrate(II) is readily dis-
placed by water,106, 107 which comprises the labile ligand to be displaced by the
pyridyl moieties of P4VP chain.
Figure 3.1: Schematic representation of the reaction that forms the metallopolymer. The inorganic
molecular block is depicted as the metal-containing chain units and the organic block as the metal-free
chain segments.
Other evidence of pentacyanoferrate(II)-polymer complexation may be in-
ferred from the infrared spectra shown in Figure 3.2. A strong band at 2044
cm−1 attributed to ν(CN) stretching of cyanide bound to FeII is observed on
metallopolymer spectra.108 All samples also show a less intense band at 2112
cm−1 that might be attributed to stretching of cyanide bound to FeIII.108 This
observation suggests a partial oxidation of the pendant pentacyanoferrate(II)
groups. Bands attributed to symmetric and asymmetric ν(CCring) and ν(CNring)
of the pyridyl groups were shifted after complexation, in accordance with re-
ports109–111 of P4VP interacting with Lewis acids. The simple protonation is
capable of raising the wavenumber of P4VP pyridinic ring stretching from 1595
cm−1 to 1634 cm−1.109 In the presence of a didodecylbenzenesulphonate zinc
complex, this band is shifted to 1617 cm−1110 and with Tb3+, it goes to 1606
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Figure 3.2: (a) Infrared spectra of the metallopolymers, reference complex and pure P4VP. (b) Zoom in
the region of 1550-2100 cm−1 showing the ν(CN) stretching band and shift of the band at 1595 cm−1 to
1603 cm−1.
cm−1, while νa(CCring) shifts from 1415 cm−1 in pure P4VP to 1425 cm−1 af-
ter Tb3+ complexation.111 One can notice in Figure 3.2b that the band at 1595
cm−1 of P4VP is shifted to 1603 cm−1 after addition of pentacyanoferrate. Be-
sides, the band at 1413 cm−1 is also shifted to 1421 cm−1, in close similarity
with the Tb3+ complex.111 The observed band shifts to higher wavenumber
corroborate the complexation between pentacyanoferrate and pendant pyridinic
ring of P4VP.
The UV-vis spectrum in the visible region of aqueous solution of the ref-
erence complex Na3[Fe(CN)5py] is characterized by a metal-to-ligand charge
transfer (MLCT) band with molar absorptivity of 3.7-4.0×103 L mol−1 cm−1,20, 112
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as shown in Figure 3.3. The spectrum of P4VP has no absorption in the visible
range, whereas the metallopolymer samples exhibited an absorption in the same
region as the reference complex. The average molar absorptivity was 4.1×103
L mol−1 cm−1. These facts are strong evidence of the presence of pentacyano-
ferrate(II) bound to pendant pyridyl groups of the polymer. Figure 3.3 shows
the spectrum of [Fe(CN)5(P4VP)25] as an example.
The actual amount of complexed pentacyanoferrate could be estimated by
comparing the absorption band intensity in the visible region with the expected
intensity, considering total conversion of aminopentacyanoferrate into pyridinic
pendant groups. The actual values ranged from 75% to 90% of the added
amount, indicating the reaction yield of metallopolymer formation depicted in
Figure 3.1. These values agree with reaction yields of aminopentacyanoferrate
with aromatic N-heterocycles.113
Although the band intensity matched, its position varied between the met-
allopolymer samples from 26316 cm−1 to 25000 cm−1 (380-410 nm) and was
redshifted compared to the band of the reference complex at 27248 cm−1 (367
nm).20, 112 Such differences were the evidence that each py/Fe ratio yielded
a metallopolymer with a different strength of solvatochromism because each
sample was synthesized in a solvent with a different water molar fraction.
3.3.2 Solvatochromism
The solvatochromic effect is present in pentacyanoferrate due to the unho-
mogeneous charge distribution over the molecule; furthermore, the electronic
states involved in MLCT are not identically solvated. Recent studies assign
MLCT to a A1 ← A1 transition, which comprises charge transfer from the dxz
orbital of Fe to the pi∗b1 orbital of the N-heterocycle aromatic ligand, in agree-
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Figure 3.3: Absorption spectra from the ultraviolet-visible region of poly(4-vinylpyridine) (P4VP), of
the reference complex Na3[Fe(CN)5py] and of the metallopolymer sample [Fe(CN)5(P4VP)25].
ment with the literature.114 Hydrogen bond formation leads to stabilization of
the ground state, causing an increase of the Fe(dpi)→ py(pi∗) transition energy.
In this way, pentacyanoferrate is a probe of the chemical environment polarity
within the polymer coil.
When the medium is composed of a mixture of two solvents, one might ide-
ally expect pentacyanoferrate solvation to be random, i.e., molecules of both
solvents (water or ethanol) are equally likely to compose the solvation shell of
the complex. In this case, the composition of the solvation shell is the same as
the bulk solvent. Thus, the MLCT wavenumber in the mixed solvent medium
(νS) may be expressed by a linear combination of the transition wavenumber in
pure water (νw) and in pure ethanol (νe) weighted by each solvent’s molar frac-
tion (Xw e Xe). So, if the transition wavenumber νS is plotted as a function of
the solvent’s water molar fraction (Xw), a straight line is expected, as expressed
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in Eq. 3.1.
νS = Xwνw +Xeνe ∴ νS = Xw(νw − νe) + νe (3.1)
On the other hand, usually the solute is preferentially solvated by one of the
solvent components. In this case of asymmetric solvation, the composition of
the solvation shell might differ from the composition of bulk solvent that was
controlled experimentally. Then, the plot νS × Xw will deviate from the ideal
straight line pointing to the solvent that is more abundant in solvation shell
compared to bulk solution.
Figure 3.4 presents the plot of νS × Xw for Na3[Fe(CN)5py] reference com-
plex as well as for each metallopolymer sample, differing only by the py/Fe
ratio. The ideal straight line was obtained by Eq. 3.1 using the values of νw and
νe of the reference complex, that equals 27248 cm−1 (367 nm) and 24938 cm−1
(401 nm), respectively.114
The region of Xw above 0.42 is characterized by having the wavenumber of
all samples under the ideal straight line. This means that the transition energy in
this region is closer to the energy of [Fe(CN)5py]3− in pure ethanol than in pure
water. Consequently, the pentacyanoferrate moieties are preferentially solvated
by ethanol rather than water. Toma and Takasugi114 showed that many cyano-
ferrates, including [Fe(CN)5py]3−, are preferentially solvated by solvents such
as methanol, ethanol, dimethylformamide or dimethylacetamide in binary mix-
tures of these solvents and water. The observed deviation and the preferential
solvation by ethanol of the metallopolymer containing the pyridyl-[Fe(CN)5]3−
bond is thus expected because it reproduces the behavior of the model complex
[Fe(CN)5py]3−.
It is interesting to note, however, that increasing the number of polymer re-
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Figure 3.4: Wavenumbers of the metal-to-ligand charge transfer band as function of water molar frac-
tions of the water/ethanol solvent for the various samples investigated. The ideal behavior of random
solvation is represented by a straight line and the model complex Na3[Fe(CN)5py] by a dotted triangle.
The numbers are the py/Fe ratios of the metallopolymers samples, with the respective symbols.
peating units per pentacyanoferrate unit, the extent of downward deviation in-
creases. The model complex, which is py/Fe = 1, lies close to the ideal straight
line, the metallopolymer with py/Fe = 10 lies in the mid part and the data of
the py/Fe = 200 sample lies lower than all others. It is worth remembering that
the P4VP chain is only soluble in ethanol, but not in water and the pentacyano-
ferrate solubility is the opposite. This observation suggests that the longer the
extent of the ethanol-soluble P4VP chain, the more ethanol molecules solvate
the metallopolymer chain and consequently the solvation shells of pentacyano-
ferrate units anchored at the coil are enriched with ethanol. This is evidence
that the polarity of the chemical environment of the polymer coil is tuned by the
amount of bound pentacyanoferrate.
At Xw lower than 0.42, the plot of Figure 3.4 exhibits two anomalous re-
gions marked as I and II. Investigations of both regions lead to different range
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of polarity of the polymer coil chemical environment and will be discussed in
separated sections.
Deviations at low py/Fe ratio
The data of the samples [Fe(CN)5(P4VP)5] and [Fe(CN)5(P4VP)10] cross
the ideal straight line in region I, and approach the transition wavenumber of
the complex immersed in water. This means that the preferential solvation is
no longer with ethanol, but water. Toma and Takasugi114 have pointed out that
at lower water concentrations, water-solute interactions favors solvation by wa-
ter. Probably, in such low concentrations, it is not possible for water to be
stabilized in bulk solution by forming polymeric and polyhedral arrangements
sustained by hydrogen bonds, making their interaction with [Fe(CN)5]3− more
energetically favorable, where hydrogen bonds can be formed with non-bonding
electron pairs of cyanide or neighboring molecules of the solvation shell.
The upward crossing of data points does not occur at samples with higher
py/Fe ratios, indicating that a higher concentration of [Fe(CN)5]3− units is nec-
essary for water stabilization on their solvation shells. One can consider the
formation of water-rich domains within the metallopolymer coil assisted by the
closeness of [Fe(CN)5]3− units in the samples [Fe(CN)5(P4VP)5] and [Fe(CN)5-
(P4VP)10] at low water molar fractions. Inside these so-called “water pockets”,
water molecules might arrange themselves in a more stable fashion than in the
bulk solution due to interactions with [Fe(CN)5]3− units and their Na+ counte-
rions. In addition, the formation of water pockets may somehow be unfavorable
when the [Fe(CN)5]3− concentration is low, probably because of the greater dis-
tance between them, making unlikely their approximation to form a hydrophilic
domain.
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In order to investigate the pictorial hypothesis described above, a modifi-
cation on the traditional thermodynamic model for asymmetric solvation115 is
proposed. The original model considers the solvation shell to be composed of
independent sites which are always occupied by the solvent molecules that can
be partitioned between the solvation shell and bulk solvent according to Eq. 3.2.
Kw
e
=
xw/xe
Xw/Xe
∴ xw
xe
= Kw
e
Xw
Xe
(3.2)
Here, xw and xe are the molar fractions of water and ethanol in the solvation
shell and Xw and Xe are the molar fractions in bulk solvent. It is possible to
estimate xw/xe directly from the plots of Figure 3.4, as described elsewhere,114
and plots of xw/xe as function of Xw/Xe should yield a straight line with slope
Kw
e
. In the case of ideal random solvation, the composition of the solvation
shell and bulk solvent is the same, thus, the preferential solvation constant for
water/ethanol (Kw
e
) equals unity.
The consideration of solvent sites being independent implies that the occu-
pation of each one has no influence on the occupation of an adjacent site in the
same solute molecule or in a nearby molecule. This consideration seems rea-
sonable when the solute molecules are well dispersed throughout the solution,
when interactions between them are less likely. As a consequence of the macro-
molecular nature of the P4VP ligand, many [Fe(CN)5]3− units are bound to the
same polymer chain, prohibiting free dispersion and confining them in a small
volume, where interactions between solvation shells of nearby pentacyanofer-
rate units become more likely to happen.
We now shall consider two different sites composing the solvation shell: one
type which is independent, like those in the original model (A sites), and an-
other where solvation depends on the proximity of [Fe(CN)5]3− units (B sites).
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Water molecules are capable of forming two hydrogen bonds, so they must be
more likely than ethanol molecules to suffer influence of nearby hydrogen-bond
forming species. Therefore, the B sites contain water that will establish water-
rich domains on the polymer coil through hydrogen bond chains of the type
Fe− CN · · · (HOH · · ·Na+ · · · )u(HOH · · · )pNC− Fe.
Mathematically, we still intend to use the original thermodynamic formulation
described by Frankel and coworkers in the original model,115 i.e., taking into
consideration only independent sites (A sites). Thus, the water fraction in A
sites is the total water fraction, subtracting water in B sites: xw(A) = xw−xw(B).
Substituting this modification in Eq. 3.2 we have
K ′w
e
=
(xw − xw(B))/xe
Xw/Xe
∴ xw
xe
= K ′w
e
Xw
Xe
+
xw(B)
xe
(3.3)
When the bulk solvent is water poor (Xw → 0), the water molar fraction in the
solvation shell equals xw(B), meaning that this amount of water composes the
hydrophilic domains suggested in the pictorial hypothesis. Table 3.2 presents
the results of experimental data of 3.4 fitted to Eq. 3.2 and to Eq. 3.3.
Table 3.2: Preferential solvation constant for water/ethanol calculated using the original and the modified
model as well as xw(B) for the latter.
Sample name
Original modela Modified modelb
Kw
e
R2 K ′w
e
xw(B) R2
Ideal 1 1 1 0 1
Na3[Fe(CN)5py] 0.53 ± 0.02 0.994 0.56 ± 0.02 0d 0.999
[Fe(CN)5(P4VP)5] 0.10 ± 0.02 0.204c 0.052 ± 0.004 0.48 ± 0.03 0.982
[Fe(CN)5(P4VP)10] 0.23 ± 0.03 0.028c 0.12 ± 0.01 0.27 ± 0.03 0.983
[Fe(CN)5(P4VP)25] 0.095 ± 0.006 0.914 0.093 ± 0.006 0.08 ± 0.01 0.966
[Fe(CN)5(P4VP)50] 0.081 ± 0.006 0.948 0.073 ± 0.007 0.07 ± 0.04 0.974
[Fe(CN)5(P4VP)75] 0.080 ± 0.004 0.974 0.077 ± 0.006 0d 0.979
[Fe(CN)5(P4VP)100] 0.080 ± 0.004 0.977 0.077 ± 0.007 0d 0.979
[Fe(CN)5(P4VP)200] 0.064 ± 0.004 0.963 0.060 ± 0.006 0d 0.969
a Eq. 3.2.b Eq. 3.3. c Low correlation coefficient values indicate low correlation to Eq. 3.2.
d Fitting yielded statistically not representative values, which are thus indicated by zero.
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Both Kw
e
and K ′w
e
are less than unity indicating preferential solvation by
ethanol and confirming the downward shift depicted in Figure 3.4 at Xw above
0.42. The preferential solvation constant values of the metallopolymers are
smaller than of the model complex Na3[Fe(CN)5py]. This is evidence that
the macromolecular nature of the ligand imparts to the [Fe(CN)5]3− moiety a
more hydrophobic environment. The covalent bonds of the polymer chain keep
segments of free polymer repeating units in the vicinity of units complexed
with [Fe(CN)5]3− groups, thereby bringing to the cyanoferrate more ethanol
molecules because the free P4VP chain is only soluble in ethanol.
Comparing the metallopolymer samples, the preferential solvation constant
values decrease when [Fe(CN)5]3− content decreases (increasing py/Fe ratio).
This confirms that the lower the amount of [Fe(CN)5]3− units, the larger is the
ethanol-only soluble organic block and consequently more ethanol is present in
the [Fe(CN)5]3− solvation shell. In other words, the polarity of the chemical en-
vironment of [Fe(CN)5]3− is tuned by the amount of pentacyanoferrate bounded
to P4VP chain.
Samples with py/Fe ratios in the range of 200 to 25 exhibited similar values
of Kw
e
and K ′w
e
. The fitting quality expressed by R2 of these data is approxi-
mately constant for the modified model, but decreases in the case of the original
model when the pentacyanoferrate content increases, especially at py/Fe ratios
of 10 and 5. This fact indicates that at low pentacyanoferrate concentrations the
assumption of independent sites holds, but it become less acceptable at higher
concentrations where the considerations made in the modified model are re-
quired.
The asymmetric solvation constants Kw
e
and K ′w
e
are markedly different for
samples of py/Fe ratios 10 and 5, which are the same as those presenting the up-
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ward crossing. Besides, the fitting quality indicates that the original model can
not successfully describe the experimental data, which are suitably described by
the modified model. The success of fitting data of highly concentrated samples
suggests that the assumption of water pocket formation is reasonable and may
take place under certain conditions of Xw and py/Fe ratios.
For the samples of py/Fe ratios 25, 10 and 5, the water molar fractions of
the hydrophilic domains (xw(B), Table 3.2), calculated by the modified model,
agree quite well with the experimental values of Xw where the upward cross-
ing at Figure 3.4 is observed. This agreement corroborates the hypothesis of a
spontaneous inversion of preferential solvation of [Fe(CN)5]3− units followed
by formation of water-rich domains attached to the metallopolymer coils with
the water content xw(B) in the limit of water molar fraction in bulk solution
tending to zero.
Deviations at high py/Fe ratio
Deviations due to high pentacyanoferrate concentrations have been discussed
so far. At the opposite concentration range, another unexpected solvatochromic
behavior is indicated in region II in Figure 3.4. At Xw = 0.42 the MLCT
energies of the samples with py/Fe ratio of 75, 100 and 200 are the same as
for Na3[Fe(CN)5py] immersed in pure ethanol, indicating that at these condi-
tions only ethanol molecules compose the pendant complex’s solvation shell.
At lower bulk solution water molar fraction, the MLCT energy is even lower,
which might be interpreted as the complex lying in a even more apolar chem-
ical environment. In other words, the complex is interacting with the polymer
chains, as if it was solvating them.
Decreasing Xw, the MLCT energy continues to decrease, indicating that the
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interaction with the P4VP chain is gradually becoming higher. In this case, one
may consider region II as if the complex was being solvated by ethanol and
by polymer repeating units. In order to determine the MLCT energy of penta-
cyanoferrate interacting ideally only with the polymer chain in the absence of
ethanol and water, a thin film of the solution of [Fe(CN)5(P4VP)200] was cast.
After drying under nitrogen, the thin film UV-vis spectrum was acquired, reveal-
ing the MLCT band at 24272 cm−1 (412 nm). By having the energies in pure
ethanol and in pure P4VP, the preferential solvation treatment can be applied to
characterize the range of low polarities of the complex chemical environment.
Following the original model, an equation analogous to Eq. 3.2 can be writ-
ten as
K e
p
=
xe/xp
Xe/Xp
∴ xe
xp
= K e
p
Xe
Xp
(3.4)
where the asymmetric solvation constant of ethanol/polymer medium (K e
p
) can
be estimated.
Table 3.3: Preferential solvation constants of region II of Figure 3.4, considering the [Fe(CN)5]3− units
of the metallopolymer dissolved in a mixture of ethanol and P4VP chain.
Sample namea K e
p
R2
[Fe(CN)5(P4VP)50] 0.15 ± 0.01 0.990
[Fe(CN)5(P4VP)75] 0.07 ± 0.01 0.942
[Fe(CN)5(P4VP)100] 0.036 ± 0.005 0.937
Ideal 1 1
a Calculation for sample [Fe(CN)5(P4VP)200] was not
possible due to lack of experimental data points.
The values of K e
p
presented in Table 3.3 show that the polymer is the prefer-
ential solvent and that the higher the py/Fe ratio, the greater is the preference for
solvation by polymer repeating units. This observation was expected since the
complex is soluble in pyridine (which is similar to P4VP repeating units), but
not in ethanol. Besides, ethanol molecules interact well with the P4VP chain,
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so the longer the extent of the pristine P4VP chain, the better is the interaction
with ethanol molecules, which no longer solvate [Fe(CN)5]3− moieties.
3.3.3 Macromolecular coil conformation in solution
Since the influence of the polymer on the spectroscopic properties of the
complex has been studied, our attention turns now to the opposite point of
view: the influence of the complex on the rheological properties of the macro-
molecule. A simple and reliable way to probe the macromolecular coil exten-
sion or contraction is through capillary viscosimetry. When a dilute solution
flows inside a capillary tube, the macromolecular coil is subjected to a shear
force field due to the solvent velocity gradient arising from the tube wall point-
ing to its center. As a result, the coil rotates and increases the friction with sol-
vent molecules, leading to increased solution viscosity. If the coil is expanded
due to good solvent-polymer interactions or due to electrostatic repulsion of
polymer segments, the increment is larger than if the coil is compacted like a
rigid sphere.116
The increment of polymer solution viscosity (η), compared to solvent vis-
cosity (η0), is expressed in terms of the specific viscosity (ηsp), which is related
to the flow time of the polymer solution (t) and of the pure solvent (t0) by Eq.
3.5. This equation holds true neglecting the change in solution density due to
polymer addition, by using Poiseuille’s equation.117
ηsp =
η − η0
η0
= ηrel − 1 = t− t0
t0
(3.5)
Dividing by the polymer concentration c, the coil intrinsic viscosity ([η]) is de-
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fined as
[η] = lim
c→0
γ˙→0
ηsp
c
(3.6)
i.e., in the limit of infinite dilution and in the absence of shear rate. [η] states for
the hydrodynamic volume of 1 gram of macromolecules in solution if they were
composed only by isolated coils in equilibrium.118 In terms of macromolecular
dimensions, intrinsic viscosity is expressed as119
[η] =
5
2
NA
M
lim
c→0
γ˙→0
Vh (3.7)
where NA and M are Avogadro’s number and molar mass, respectively, and Vh
is the coil hydrodynamic volume.
The values of [η] can be determined by graphic extrapolation of curves of
ηsp/c as functions of c. For neutral polymers, this curve is usually a straight line
and Huggins’ equation120 is generally employed (Eq. 3.8).
ηsp
c
= [η] + kH[η]
2c (3.8)
However, if the polymer coil bears fixed electric charges, which is the case of
P4VP-Fe(CN)5 metallopolymers, the curve ηsp/c vs. c shows a sharp increase
when c tends to zero by virtue of the electroviscous effect.121–123 Because of
this, Fuoss124–126 has proposed an equation that is widely accepted for polyelec-
trolytes (Eq. 3.9).
ηsp
c
=
[η]
1 +B
√
c
(3.9)
whereB is a measure of polyion-counterion interaction124a. Further papers123, 127, 128
report that at even lower polymer concentrations, ηsp/c values reach a maximum
and fall off, in disagreement with Eq. 3.9. The reason for the occurrence of this
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maximum has been investigated,129–131 but it was recognized that there is still no
physical meaning for such a maximum,130 even though many electrostatic-based
mathematical models129, 132, 133 have tried to adequately describe the viscosity of
polyelectrolyte solutions.
Since an exact description from first principles is complicated, simplifying
assumptions are made, such as graphical extrapolation, which presents an inher-
ent inconsistency. While the polymer concentration goes to zero, the difference
η − η0 also approaches zero, leading to a zero divided by zero indetermination
of models represented by Eq. 3.8,120 Eq. 3.9124–126 and others.117, 129
In order to shed light on the problem of a reliable evaluation of [η], a recent
approach118 based on phenomenological thermodynamics developed an equa-
tion (Eq. 3.10) that does not suffer from indetermination and which is applicable
to solutions of both uncharged and charged polymers and to linear or branched
macromolecules.134
ln ηrel =
c[η] +Bc2[η][η]•
1 +Bc[η]
(3.10)
where B here represents the hydrodynamic interaction between segments be-
longing to different macromolecules,135 in analogy to kH of Eq. 3.8, and [η]• is
a characteristic specific hydrodynamic volume or simply an adjustable param-
eter required for polyelectrolytes.118, 135 Both the well-known Eq. 3.9 and the
novel Eq. 3.10 were applied to our data for the sake of comparison, as shown
in Figure 3.5. Intrinsic viscosities evaluated by both equations and other fitting
parameters are shown in 3.4.
Note that the application of Eq. 3.9 had some complications, as expected
from the existence of a maximum in the plots of samples with high py/Fe ratios.
On the other hand, Eq. 3.10 was applied to all data points with better corre-
lation, denoting a more general equation. Comparing [η] values given by both
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Figure 3.5: Evaluation of experimental data according (a) to Eq. 3.9 and (b) to Eq. 3.10. Experimental
data of samples [Fe(CN)5(P4VP)200] and [Fe(CN)5(P4VP)75] were omitted for clarity.
equations one can note that those obtained by Eq. 3.9 are frequently higher.
This fact was also reported by Wolf and coworkers118 and may be due to prob-
lems in the limit of infinite dilution.
Metallopolymers with py/Fe ratios of 400 and 200 presented intrinsic vis-
cosities close to pure P4VP due to the low degree of modification. Increasing the
pentacyanoferrate content, the intrinsic viscosity also increases, showing that
the macromolecule responds to the coordination of [Fe(CN)5]3− moieties by
expanding the coils. Such an expansion might be attributed to electrostatic re-
pulsion between unscreened charged pentacyanoferrate groups along with steric
hindrance between them, taking into account the volume of their counterions
and solvation shells.
Interestingly, intrinsic viscosity values reach a maximum at a py/Fe ratio
of 10. Further coordination of [Fe(CN)5]3− groups causes the polymer coil to
shrink. The reason for this might be the increase of ionic strength due to the
presence of more ionic pendant groups and Na+ counterions within the coil and
to an increase of uncoordinated pentacyanoferrate. The origins of uncoordi-
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Table 3.4: Intrinsic viscosities and fitting parameters of P4VP-Fe(CN)5 metallopolymers. Correlation
coefficients of fitting with Eq. 3.9 ranged from 0.84 to 0.99, while with Eq. 3.10 lied all above 0.99.
Eq. 3.9 Eq. 3.10
Sample name [η] B [η] B [η]•
dL/g (dL/g)1/2 dL/g dL/g
P4VP 0.95 ± 0.05 a -0.7 ± 0.4 1.02 ± 0.06 3.8 ± 0.9 0.4 ± 0.6
[Fe(CN)5(P4VP)400] 1.0 ± 0.1 a 0d 0.86 ± 0.08 0d 1.5 ± 0.5
[Fe(CN)5(P4VP)200] 0.94 ± 0.07 a 2.8 ± 0.5 0.90 ± 0.08 0d 3.8 ± 0.9
[Fe(CN)5(P4VP)100] 2.4 ± 0.3 b 1.2 ± 0.5 1.88 ± 0.04 0d 4.0 ± 0.2
[Fe(CN)5(P4VP)75] 2.3 ± 0.1 b 0.4 ± 0.2 2.06 ± 0.03 0d 4.4 ± 0.2
[Fe(CN)5(P4VP)50] 2.8 ± 0.3 c 0.6 ± 0.4 2.6 ± 0.1 1.8 ± 0.3 1.1 ± 0.8
[Fe(CN)5(P4VP)25] 4.8 ± 0.3 c 1.6 ± 0.3 4.0 ± 0.2 1.5 ± 0.1 0.6 ± 0.9
[Fe(CN)5(P4VP)10] 7.0 ± 0.8 c 2.6 ± 0.7 4.8 ± 0.2 4.6 ± 2.8 2.1 ± 0.2
[Fe(CN)5(P4VP)5] 3.3 ± 0.5 c 1.2 ± 0.7 2.5 ± 0.3 2.4 ± 1.3 1.3 ± 0.2
a Obtained by linear extrapolation. All data points probably lied before the maximum. Values of B are angular
coefficient of the linear extrapolation. To P4VP it is equivalent to kH of Eq. 3.8.
b Obtained by Eq. 3.9 excluding the point at 0.25 g/L because it lied before the maximum.
c Obtained by Eq. 3.9 with all data points. d Fittig yielded statistically not representative values, which are thus
indicated by zero.
nated pentacyanoferrate – probably in the form of an aquocomplex – are disso-
ciation from the metallopolymer due to its lability107 and incomplete reaction
with the polymer, as described earlier.
Another hypothesis to explain the decrease of intrinsic viscosity values at
high pentacyanoferrate content is the fact that highly charged linear polyelec-
trolytes tend to assume an extended rodlike conformation,123, 128, 130, 131 which
may be aligned under flowing conditions and produce a shear thinning effect.
The parameter [η]• is usually nonzero for polyelectrolytes at sufficiently
low ionic strength and tends to vanish when either the charge density over the
macromolecule decreases or the medium ionic strength is high.136 The influ-
ences of the py/Fe ratio on [η]• values were the same as for [η], in agreement
with Ghimici et al.135 In this work, the authors varied the fraction of charged
monomer units, analogous with the py/Fe ratio of the metallopolymers.
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3.3.4 Crossed effects of solvatochromism and viscosimetry
It was shown that the amount of pentacyanoferrate coordinated to P4VP
tunes the polarity of the [Fe(CN)5]3− microenvironment as well as the confor-
mation of the macromolecule. It is now of interest to discuss how the solvation
of pendant pentacyanoferrate influences the conformation and vice-versa. A
problem pointed out by Rice and Harris137 in evaluating thermodynamic func-
tions of a polyelectrolyte coil is the choice of a dielectric constant representative
of the chemical environment of the electric charges separated from each other
by few a angstrons inside the coil.
We thus expect that by increasing the water molar fraction of the solvent
of a metallopolymer with a fixed py/Fe ratio, the pentacyanoferrate solvation
shell would become richer in water, increasing the dielectric constant of the mi-
croenvironment, resulting in stronger electric repulsion between [Fe(CN)5]3−
moieties. This electroviscous effect would lead to expansion of the coil. Be-
sides, more water means better solvent quality for complexed repeating units,
because they are hydrophilic overall.
On the other hand, more water means worse solvent quality for uncomplexed
repeating units of 4-vinylpyridine, which are insoluble in water. This hydro-
dynamic effect would lead to shrinkage of the polymer coil because polymer-
polymer interactions would be more favorable than polymer-solvent ones. There-
fore, we hypothesize that these antagonistic effects may result in polymer coil
shrinkage at either high or low solvent water contents. In order to confirm these
hypotheses, the intrinsic viscosities of sample [Fe(CN)5(P4VP)25] were mea-
sured with solvents with varied ethanol/water composition and compared with
the solvatochromic shift at each solvent composition.
Figure 3.6a shows the experimental data adjusted by Eq. 3.10 and Table 3.5
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Figure 3.6: (a) Natural logarithm of relative viscosity as function of concentration of
[Fe(CN)5(P4VP)25] solution, (b) intrinsic viscosity and MLCT band energy as function of solvent water
molar fraction and (c) intrinsic viscosity as function of MLCT band energy. The solvent’s water molar
fractions are indicated over the points.
presents the intrinsic viscosity values and the respective MLCT band energy.
When [η] is plotted against XH2O in Figure 3.6b, one can note that [η] de-
creases when XH2O approaches either 1 or 0, as expected, and it is approxi-
mately constant at XH2O from 0.244 to 0.642. At low XH2O, the hydrodynamic
and electroviscous effect of complexed chain units are not favored because the
ethanol-rich solvent does not suitably solvate [Fe(CN)5]3− units and decrease
the local dielectric constant, allowing ion pairing of [Fe(CN)5]3− with Na+. At
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Table 3.5: Intrinsic viscosity obtained by Eq. 3.10 and MLCT energy (ν) of the sample
[Fe(CN)5(P4VP)25] in water/ethanol solvent at varied composition. Correlation coefficients were all
above 0.99.
XH2O [η] (dL/g) ν (10
3 cm−1)
0.928 0.41± 0.02 26.11 ± 0.07
0.829 3.9 ± 0.1 25.71 ± 0.07
0.642 4.0 ± 0.2 25.45 ± 0.07
0.447 4.4 ± 0.8 25.19 ± 0.06
0.224 3.7 ± 0.4 25.19 ± 0.06
0.114 3.0 ± 0.2 25.13 ± 0.06
high XH2O, the coil shrinkage may be explained because the solvent has turned
into a bad solvent for uncomplexed repeating units of 4-vinylpyridine. Con-
sequently, the best solvent quality is only found at intermediate XH2O values
because both blocks of the macromolecule are suitably solvated.
Additionally, one can note in Figure 3.6 that [η] is lower, or equivalently that
the coil shrinks more in water-rich solvent (XH2O = 0.928) than in a water-poor
solvent (XH2O = 0.114). This fact suggests that the hydrodynamic effect of
uncomplexed 4-vinilpyridine repeating units is more pronounced than the con-
trary effects related to complexed units. A plausible explanation is the fact that
there are 24 free repeating units for each one bearing a [Fe(CN)5]3− complex,
i.e., the molar fraction of free chain units (x4vpy = 0.961) is much higher than
of the complexed units (xFe(CN)5 = 0.039).
Figure 3.6c presents a plot of an intrinsic property of the macromolecule as
a function of a property of the pendant [Fe(CN)5]3− groups, so both the coil
volume and the polarity of the complex chemical environment can be observed
together. Here again, when the complex has more water in its solvation shell
(MLCT band energy approaching 27.25 103 cm−1), the coil shrinks, even with
a higher dielectric constant to allow a stronger electrostatic repulsion. This
result also corroborates the hypothesis that the solvation of the uncomplexed
S. A. V. Jannuzzi, PhD Thesis
Chapter 3. Pentacyanoferrate/poly(4-vinylpyridine) metallopolymer 81
P4VP chain plays a more important role in coil expansion than electrostatic
repulsion between [Fe(CN)5]3− units. When XH2O gradually decreases, the
polarity of complex solvation shell also decreases and the coil expands up to
a maximum where the opposing hydrodynamical effects counterbalances each
other. At lower XH2O, the bad solvent quality for complexed units makes the
coil shrink again.
3.4 Conclusions
The reaction between the water-soluble aminopentacyanoferrate(II) and the
ethanol-soluble poly(4-vinylpyridine) yields a metallopolymer whose composi-
tion could be tuned from ≈3.5 to 400 polymer repeating units per complexed
pentacyanoferrate moiety.
By virtue of compatibilization of molecular blocks of different solubility in
the same macromolecule, the properties of each block were changed by the
extension of the other. Solvatochromism of bound pentacyanoferrate showed
that the longer the extent of pristine P4VP chain, the greater is the solvation by
ethanol. Therefore, the chemical environment polarity of [Fe(CN)5]3− groups
is tuned by the metallopolymer composition via an effect of the polymer coil.
Samples with high pentacyanoferrate content, such as [Fe(CN)5(P4VP)5] and
[Fe(CN)5(P4VP)10], exhibit inversion of preferential solvation from ethanol to
water when the medium is water-poor (XH2O<0.42 and 0.25, respectively, Fig-
ure 3.4). This observation is rationalized assuming the formation of water pock-
ets within the amphiphilic metallopolymer coils. This assumption motivated a
modification of the preferential solvation model, allowing the prediction of the
XH2O value where the inversion occurs.
The pentacyanoferrate content led, in turn, to an increase of intrinsic viscos-
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ity of the macromolecule due to steric hindrance and electrostatic repulsion of
the bound [Fe(CN)5]3− groups. Thus, the volume of the polymer coils is also
tuned by the metallopolymer composition. Consequently, the accessibility to
pentacyanoferrate groups is affected.
Finally, it was found that the solvent quality for uncomplexed chain segments
plays a more important role in overall coil hydrodynamic volume than (i) the
solvent quality for the [Fe(CN)5]3−-containing units and (ii) the electrostatic
repulsion between nearby [Fe(CN)5]3− groups.
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Chapter 4
Supramolecular approach to decorate
carbon nanotubes with negatively charged
iron(II) complexes
The content of this chapter is an adaptation of the article entitled “Supramolec-
ular approach to decorate carbon nanotubes with negatively charged iron(II)
complexes” by Sergio Augusto Venturinelli Jannuzzi, Bianca Martins, Luis En-
rique Santa Cruz Huamanı´, and Andre´ Luiz Barboza Formiga submitted to The
Journal of the Brazilian Chemical Society in October 2015.
My contribution to this work was the synthesis of the metallopolymer, in-
vestigation of the suspension formation with carbon nanotubes, acquisition of
scanning electron microscopy images and writing the publication.
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4.1 Introduction
Carbon nanotubes (CNTs) are one of the most studied objects in the field
of materials science due to their interesting electrical, thermal and mechani-
cal properties.138 Decoration of CNTs with coordination compounds can be
achieved by covalent bonding using different reactions, leading to functional-
ization with, e.g., porphyrins,139, 140 phthalocyanines,141, 142 bipyridine,143 ter-
pyridine144, 145 and catechol146 complexes.
Chemical modification of CNT surface is frequently performed by fluorina-
tion or by strong oxidizing agents, so that polar functional groups can be created
to allow dispersion in solvents and subsequent bond formation with anchoring
groups.147–149 This method usually creates defects in the CNT lattice, lower-
ing its electrical and thermal conductivity and compromising its mechanical
properties.27 To overcome this drawback, some groups explored noncovalent
functionalization through van der Waals forces with pyrene derivatives,150–152
surfactants,153 and also with standard Werner-type complexes.154 After func-
tionalization (of both kinds), the material can be processed as a dispersion in
some common solvent, which allows its application for different purposes, as
production of printed electrodes155 and phenolic resin nanocomposite,153 for
example.
The association of CNTs with polymers provides films with enhanced elec-
trical conductivity and superior mechanical performance provided that hydropho-
bic polymer chains can overcome van der Waals interactions that sustain CNTs
together in bundles.156–160 Wrapping molecules can bind onto CNT outermost
surface through other non-covalent interaction like acid-base adduct formation,
also known as charge-transfer interaction.27 This kind of strategy has been
used to build very stable decorated CNTs with different transition metal com-
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pounds.161–163
The affinity of semiconductor single-walled carbon nanotubes (SWCNT)
towards basic nitrogen atoms is well-known.164–166 As reported by Rouse,25
poly(4-vinylpyridine) (P4VP) performs well the role of bridge between CNT
and solvent and hence is able to disperse them in alcoholic medium. P4VP was
used by Panhuis and collaborators167 to obtain stable suspensions of SWCNT
or multi-walled carbon nanotube (MWCNT) with P4VP-based metallopoly-
mers containing [M(bpy)2Cl]Cl, where M is Ru(II) or Os(II) and bpy is 2,2’-
bipyridine. They show that the electronic and electrochemical properties of re-
dox metallopolymers do not change after addition of CNT, thus letting to CNT
the role of improving the mechanical properties of the material. Furthermore,
they suggest that the suspension-forming ability is due to the interaction of
CNT walls with metallopolymer ligands via pi-pi stacking. In another work,168
a biosensor for glucose was produced from pyridyl-containing chitosan com-
plexed with pentacyanoferrate. The polymeric matrix embedded glucose oxi-
dase while pentacyanoferrate served as electrochemical mediator. Differently
from Panhuis and collaborators,167 addition of MWCNT improved the overall
electrochemical response but the specific interaction of the redox mediator with
the CNTs was not investigated.
The association of P4VP, MWCNT and pentacyanoferrate(II) has been shown
previously by us to be a good electrocatalyst for cysteine oxidation at low over-
potential.a169 We report herein the characterization of this solution-processableb
multifunctional material, which gathers (i) electric conductivity of CNT, (ii)
film-forming ability of P4VP and (iii) its solvation properties that grants MWCNT
aThis chapter investigate the formation the MWCNT/metallopolymer system and Chapter 5 its application. The
work about application was published before the content of this chapter.
bThe term “solution” here is taken loosely to refer indeed to a “suspension” in order to express the idea that the
material can be handled as easily as any solution.
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dispersion, and (iv) the demonstrated electrochemical activity of the complex.
Potentially, properties of any other complex with a labile ligand able to be
substituted by the pendant pyridyl moieties of the polymer could be further
integrated to those of the other two components. Moreover, the simple pro-
cedure reported herein can be employed in the production of new P4VP-based
blends, thin semiconducting films as well as in the design of functional solution-
processable metal-containing architectures based on P4VP copolymers.
4.2 Experimental section
4.2.1 Instrumentation
UV-visible spectra were recorded on a diode array Agilent spectrophotome-
ter model HP 8453. The ultrasonication bath used was a Thornton Chubby, 240
W, 40 kHz from Inpec Eletroˆnica, Brazil. Centrifugation was carried out in a
QUIMIS bench centrifuge. Raman spectroscopy was carried out using a Horiba
Jobin-Yvon T64000 triple spectrometer system, equipped with a confocal mi-
croscope and a nitrogen-cooled charge coupled device (CCD) detector. The
spectrum was obtained with the 514.5 nm line of a Ar/Kr laser (7.4 mW) and
accumulation time of 180 s at room temperature. The samples were drop-cast
onto a microscope glass slide and they were let to dry at room temperature. The
spectra were acquired from the center of the drop. Microscopy investigations
were carried out in a JEOL JSM 6360 LV scanning electron microscope operat-
ing at 20 kV. 1H and 13C NMR spectra were recorded on a Bruker Avance 500
MHz spectrometer operating at 499.87 MHz and 125.69 MHz, respectively. 1H-
15N data were acquired on a Bruker Avance 500 MHz. 15N NMR chemical shift
were indirectly detected in solution by [1H-15N] Heteronuclear Multiple Bond
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Coherence (HMBC) experiment. The signals were calibrated using the signal
at 1.11 ppm of residual ethanol. All samples were prepared in ethanol-d6. The
DC electrical conductivity of the films was measured using a four-point probe
(Cascade Microtech C4S-64) coupled with an electrometer (Keithley 617) and
a digital multimeter (Minipa ET-2500).
4.2.2 Materials
Poly(4-vinylpyridine) (P4VP, 99%, Mw = 160.000, Aldrich); multi-walled
carbon nanotubes (95%, MWCNTs Co., Ltd.), external diameter: 10-40 nm,
length: 5-20 µm; absolute ethanol (Merck); ethanol-d6 (D 99%, anhydrous ,
Cambridge Isotopes Laboratories, Inc.); hydrochloric acid (36.5-38%, Baker
Analyzed); sodium nitroprusside (Na2[Fe(CN)5NO]·2H2O, 99%, Merck); am-
monium hydroxide (Merck) were used as-received without further purification.
4.2.3 Synthesis of Na3[Fe(CN)5NH3]·3H2O
The procedure for synthesis of sodium aminopentacyanoferrate used sodium
nitroprusside in concentrated ammonium hydroxide, as described in the litera-
ture.104
4.2.4 Synthesis of P4VP-Fe(CN)5 metallopolymer
Two metallopolymer samples were prepared, as described elsewhere,170 hav-
ing 50:1 and 200:1 mol of polymer repeating units per mol of [Fe(CN)5]3−,
henceforth named as py:Fe ratio. Therefore the first sample has four times more
pentacyanoferrate than the second.
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4.2.5 Formation of MWCNT suspensions
Mixtures of MWCNTs, P4VP (or P4VP-Fe(CN)5 metallopolymer) and eth-
anol with different proportion of these components were prepared, as presented
in Table 4.1. A 42.2 mg mL−1 P4VP solution in ethanol and freshly-prepared
solutions of the metallopolymers were used to prepare the samples with pure
P4VP and with the metallopolymers respectively. In the case of samples with
metallopolymers, two values of P4VP/MWCNT weight ratio were tested. The
necessary volume to obtain the desired mass of P4VP in the mixture was trans-
ferred to a test tube to which was added ethanol up to the final volume of 3.5
mL. Then, the amount of MWCNTs was added and the mixture was sonicated
for 2 hours uninterruptedly.
4.2.6 Quantification of MWCNT in the suspensions
To 1.0 mL of the suspension containing P4VP or P4VP-Fe(CN)5 metal-
lopolymer was added 4 mL of concentrated HCl. The flocculated MWCNT
was separated by centrifugation, washed with 4 mL of HCl 1.0 mol L−1 and
centrifuged again. The UV-vis spectra of the supernatant was acquired. The
presence of P4VP and the respective protonated species were attested by the
characteristic band of the aromatic ring at 257 nm. The supernatant was dis-
carded and a new portion of 4 mL of HCl 1.0 mol L−1 was added. Several
cycles of washing and centrifugation were performed until the UV band van-
ishes, indicating that the recovered MWCNT is free from the polymer. The
cyclic procedure is shown in Figure 4.1. Subsequent washing steps (approx.
12) were done with 4 mL of deionized water until rinsed water pH becomes
neutral. After that, the supernatant was removed, the MWCNT free from P4VP
and acid was vacuum dried and weighted.
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Figure 4.1: Scheme of the cyclic procedure followed to recover MWCNT after suspension assisted by
P4VP.
4.2.7 Films for conductivity measurements
MWCNT/P4VP and MWCNT/metallopolymer films were prepared in the
following manner: MWCNT (25 mg) was added to P4VP ethanolic solution
(10 mg mL−1, 5 mL) and the solution was ultrasonicated for 1h. After that, the
solution was centrifuged at 4500 rpm for 10 minutes and the supernatant dis-
persion was separated to be used in the film preparation. In addition, MWCNT
(25 mg) was added to metallopolymer solution (21.25 mg mL−1, 5 mL) and
the process was followed in the same way as described above in order to obtain
the MWCNT/metallopolymer dispersion. These dispersions were then dropped
onto the Teflon substrates, and dried by supplying a subtle flow of nitrogen at
room temperature. This process was repeated until the films occupied the total
volume (15 mm of diameter, 2.2 mm of thickness). Finally, the films were dried
in a vacuum oven under vacuum at 40 °C for 4 hours. The films could then be
peeled off from the Teflon substrates to give samples with 2.2 mm of thickness.
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4.3 Results and discussion
4.3.1 Interaction between P4VP and MWCNT
Non-covalent interactions of organic molecules and carbon nanotubes can be
mainly divided into pi-pi stacking, usually when condensed aromatic polycyclic
compounds are used,150–152 or acid-base adduct formation where the nanotube
behaves as an acid accepting electronic density of nitrogenated molecules in
many cases.164–166 In order to check which interaction is dominant in P4VP/
MWCNT pair, nuclear magnetic resonance experiments were conducted to in-
vestigate the effect of the presence of MWCNT on the chemical shifts of hydro-
gens and nitrogens of the polymer.
The 1H and 13C NMR spectra of the polymer in ethanol-d6 presented the
same features as reported in the literature171 (see Appendix A). The presence of
MWCNT in suspension caused only a small broadening of the signals, not al-
tering the overall pattern. Figure 4.2 shows the [1H-15N] HMBC spectra of pure
P4VP and the suspension containing P4VP/MWCNT. The nitrogen in P4VP ap-
pears at 299.44 ppm coupled with the ortho hydrogens (H2) at 8.28 ppm. When
MWCNT is present, another signal at 299.07 ppm for 15N and 8.22 ppm for
1H was observed. The presence of an extra signal in a more shielded position
caused by the nanotube indicates that the pyridyl side chains are receiving elec-
tronic density upon interaction with carbon nanotube. This finding indicates that
the whole ring is affected by the electron cloud of the nanotube. The nitrogens
are also shielded showing that, in the average, MWCNT walls do not accept
nitrogen electronic density and therefore charge-transfer interactions could be
of minor importance. Results from density functional theory of a single pyri-
dine molecule adsorbed onto a graphene surface indicate that the van der Waals
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forces via pi-pi stacking overcome the charge-transfer interaction via nitrogen
lone pair.28
Figure 4.2: 1H-15N] HMBC spectra of pure P4VP (a) and the suspension containing P4VP and MWCNT
(b) measured in ethanol-d6. The * indicates the signal of the pure P4VP.
Interestingly, the suspension is not formed when P4VP is replaced by its
isomer poly(2-vinylpyridine) (P2VP), according to Rouse.25 He attributes the
inefficiency of P2VP to the proximity of the polymer backbone to the nitrogen
that hinders the charge-transfer interaction with nanotube walls. However, the
reason could be that the P2VP-covered nanotubes are simply not well solvated
and hence do not result in colloidal aggregates. The solubility of 4-vinylpyridine
is 2.91 g/100 mL of water whereas it is 2.75 g/100 mL for 2-vinylpyridine.172
These values suggest that the carbon backbone in the position 2 disfavors the
solvation and may hamper the suspension formation.
4.3.2 Determination of the mass of suspended MWCNT
The formation of CNT suspension relies in a good balance between polymer-
CNT and polymer-solvent interactions. For example, polyethyleneimine (–
CH2CH2NH–)n (PEI) strongly n-dopes single-walled carbon nanotubes173 but
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is unable to suspend them in alcohols. Maybe due to the higher flexibility of
PEI chain in comparison to P4VP, the PEI nitrogens strongly interact with the
nanotube walls and few remain able to form hydrogen bond with the solvent to
solvate the polymer-covered nanotube.25 Based on this information, we pursued
a way to maximize polymer-solvent interactions in order to disrupt the colloidal
aggregate and recover the MWCNT once suspended. Flocculation was achieved
by adding concentrated HCl in the suspension, as shown in Figure 4.3. Proto-
nation of the pyridyl groups may result in the solvation of pyridinium moieties
by water and ethanol via ion-dipole interactions and disruption of pi-pi stacking
interactions with MWCNT wall, thus leading to flocculation.
Figure 4.3: Photographs of screw-cap vials containing stable suspensions of the samples and the floccu-
lation induced after addition of concentrated hydrochloric acid.
MWCNTs previously suspended could be isolated after washing off the water-
soluble poly(4-vinylpyridinium chloride). To assess the integrity of the MWC-
NTs after the procedure, they were analyzed by Raman spectroscopy. The spec-
tra of recovered MWCNTs showed the same bands and similar relative intensity
as before the interaction with the polymer, thus showing no structural modifica-
tion upon sonication and acidic treatment. See Appendix A for details.
The actual mass of suspended MWCNT and the composition of the mixtures
are presented in Table 4.1. Pure P4VP and P4VP-Fe(CN)3−5 metallopolymer
were able to produce suspensions of up to 1.1 and 0.6 mg mL−1 respectively,
which are concentrations above the reported range of 0.1-0.3 mg mL−1 used for
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Table 4.1: Characteristics of suspensions of MWCNT in ethanol stabilized by P4VP-[Fe(CN)5]3− met-
allopolymer
P4VP: P4VP:
MWCNT Added Suspended MWCNT
(added) MWCNT b MWCNT b Efficiency c (suspended)
Sample py:Fe a (wt/wt) (mg mL−1) (mg mL−1) (%) (wt/wt)
P1 - 2:1 12.5 1.1 9 1:0.044
P2 - 2:1 5.0 0.9 18 1:0.09
P3 - 2:1 0.3 0.3 100 1:0.5
MP50.2 50:1 2:1 1.2 0.6 50 1:0.25
MP50.5 50:1 5:1 1.2 0.4 33 1:0.17
MP200.2 200:1 2:1 1.2 0.2 33 1:0.08
MP200.5 200:1 5:1 1.2 0.2 17 1:0.08
a Molar ratio of polymer repeating unit to pentacyanoferrate. b Errors are ±0.1.
c Ratio between suspended and added MWCNT.
high-throughput solution processing of carbon nanotubes.25, 147, 174, 175 Compar-
ing the suspended MWCNT mass of the samples P1, P2 and P3, one can note
that the amount actually suspended is directly proportional to the amount of nan-
otubes mixed. However, the efficiency indicates that the suspended MWCNT
mass in P1 relative to the initial mixed amount is less than in P3. This fact might
be due to the higher viscosity of the highly-loaded sample, which hampers the
suspension of a larger nanotube mass during the sonication time.
The metallopolymer samples were prepared using the mass of added MWCNT
between P2 and P3, aiming the formation of a suspension with an appreciable
mass of nanotubes. The actual amount of MWCNT suspended stayed between
the values of P2 and P3, indicating that the presence of pentacyanoferrate bound
to the polymer chain does not change drastically its ability to suspend nan-
otubes. We wondered if more free pyridyl groups in the metallopolymer chain
would further increase the mass of suspend MWCNT and therefore we pre-
pared samples using a metallopolymer having py:Fe ratio equals 200:1. How-
ever, the suspended content did not increase. The increase of the metallopoly-
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mer:MWCNT mass ratio from 2:1 to 5:1 (in samples MP50.5 and MP200.5)
also did not suspend more nanotubes, in agreement with what was reported by
Rouse.25
A possible explanation does not rely on the amout of free pyridyl groups but
maybe on the conformation of the macromolecule in solution that exposes more
the side chains for interaction with MWCNT. The gyration radius of a polyelec-
trolyte coil in low ionic strength medium is larger than a coil of neutral poly-
mer with same molecular weight due to electrostatic repulsive forces.123 The
evidence for that is the larger intrinsic viscosity of the metallopolymer bear-
ing 50:1 monomer to pentacyanoferrate than the 200:1 reported previously.170
Therefore, the metallopolymer with more [Fe(CN)5py]3− in sample MP50.2
assumes a more extended conformation in solution than of sample MP200.2,
making free pyridyl groups more available to interact with MWCNT. To cor-
roborate this argument, the stability time of metallopolymer-stabilized suspen-
sions was shorter (3 weeks) than the observed for suspensions with pure P4VP
(8 weeks). The more elongated conformation of highly-charged metallopoly-
mer chains wrapping MWCNT may allow a more rapid dissociation, favoring
the aggregation kinetics. Added to this, the effect of the charge of the metal-
lopolymer can contribute to a favorable interaction with solvent, destabilizing
the suspension.
Another evidence rises when we compare the morphologies of dried nanocom-
posite films of MP50.2 and MP200.2 (Figures 4.5c and 4.5d respectively). The
former is more similar to the pure metallopolymer film (Figure 4.5b) than the
latter, where the woven pattern of pristine MWCNT (Figure 4.5a) is more evi-
dent. This indicates that the nanotubes are better dispersed in the metallopoly-
mer with higher pentacyanoferrate content (py:Fe ratio equals 50:1).
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4.3.3 Interaction between [Fe(CN)5]3− and MWCNT
UV-vis spectroscopy of the suspensions revealed the metal-to-ligand charge
transfer (MLCT) band assigned as Fe(dpi)→py(pi∗b1),52 which proves that groups
[Fe(CN)5]3− are still coordinated to pyridyl moieties of the P4VP chain after
interaction with MWCNTs. The position of this band of a model complex
Na3[Fe(CN)5py], where py is pyridine, depends on solvent polarity. It is ob-
served at 365 nm in water and at 400 nm in ethanol, as a consequence of the
solvatochromic effect.20, 114
The UV-vis spectra of the P4VP-Fe(CN)5 metallopolymer with py:Fe ratio
200:1 in solvents composed by water and ethanol at different water molar frac-
tion (XH2O) are presented in Figure 4.4. It can be observed that the MLCT band
of the [Fe(CN)5]3− groups redshifts whereas the medium becomes water-poor,
up to a maximum at 404 nm, when the polymer chain starts to integrate the
solvation sphere of pentacyanoferrates.170 When the MWCNT is present, two
bands appear in this region (solid line in Figure 4.4), a weak band at 360 nm in-
dicating pentacyanoferrate immersed in a polar environment and another more
intense band over 420 nm, indicating that the pentacyanoferrates are located in
a chemical environment even less polar than the solvent or the polymer chain.
This evidence indicates proximity and interaction of the complexes with the
hydrophobic MWCNT walls.
4.3.4 Characterization of the dried nanocomposite films
Investigation using scanning electron microscopy of drop-cast samples re-
vealed MWCNTs bundles in large agglomerates when no dispersing agent was
added (Figure 4.5a). The films of metallopolymer samples with py:Fe ratio of
50:1 and 200:1 were found to be very thin, having smooth and flat surfaces with
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Figure 4.4: UV-vis spectra of the MP200.5 sample and of the P4VP-Fe(CN)5 metallopolymer with
py/Fe equals 200 at media composed by water and ethanol at different water molar fraction (XH2O). The
vertical bars indicate the maximum of the MLCT band assigned to the [Fe(CN)5]3− groups. The arrow
points to increasing hydrophobicity of the chemical environment of the complex.
round shapes only near the drop edge (Figure 4.5b) probably formed during the
drying process. Inspection of the samples revealed that the good film-forming
ability of P4VP is maintained when associated to MWCNT.
The nanocomposites formed with the metallopolymers are shown in Figure
4.5c and Figure 4.5d. Linear features resembling MWCNT bundles are found
embedded in polymeric matrix in both images. Nanotubes occur only together
with the metallopolymer. The woven pattern found in Figure 4.5a is not found
when they are dispersed with the metallopolymer, which is an indicative of
good adhesion between both phases. Figure 4.5e highlights in higher magni-
fication a single bundle with diameter of 80 nm emerging from the underlying
metallopolymer film. No clear interface between tubes and matrix is noticeable,
suggesting good wetting and nice coverage.
Raman spectra of dried metallopolymer/MWCNT nanocomposites (Figure
4.6) show the same features of the parent MWCNT. In the spectra of MWCNT,
the disorder-induced D band at 1346 cm−1 and its harmonic at 2690 cm−1 (G′
band) are relatively intense when compared with tangential mode band (G) at
1578 cm−1. High intensity ratio ID/IG of D and G bands is usually used as
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(a) (b)
(c) (d)
(e)
Figure 4.5: Scanning electron microscopy of (a) pristine MWCNT sonicated with ethanol. (b) Met-
allopolymer with py:Fe ratio of 50:1. (c) The composite made with MWCNT and P4VP-Fe(CN)5
metallopolymer with py:Fe = 50:1 (sample MP50.2). (d,e) The composite made with MWCNT and
P4VP-Fe(CN)5 with py:Fe = 200:1 (sample MP200.2). MWCNT:P4VP weight ratio was 2:1 in (c-e).
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an indication of low quality graphitic material.176, 177 In addition, the shoul-
der around 1613 cm−1 is typical of defective graphite-like materials and can
be smaller in better quality MWCNT samples.178 After interaction with metal-
lopolymers, the ID/IG ratio decreased from 1.27 in the pure MWCNT to 0.96
and 1.01 in the MP50.2 and MP200.2 samples respectively. This fact suggests
that the polymeric chain interacts preferably with nanotubes with less defects
on the outermost wall, to which they probably can better pi-stack. Evaluating
the ID/IG′ or IG/IG′ intensity ratios according to Maultzsch et al.,179 the con-
clusion is the same. By the virtue of nanotubes being multi-walled, a clear
evidence of nanotube–polymer interaction based of G band shift was not possi-
ble, as would be the case of SWCNT.180 Neither the signals of P4VP chain nor
of [Fe(CN)5]3− groups were evident probably due to low scattering intensity.
Figure 4.6: Raman spectra of the pristine MWCNT and the composites made with MWCNT and P4VP-
Fe(CN)5 metallopolymer with py:Fe = 50:1 (MP50.2) and py:Fe = 200:1 (MP200.2).
Conductivity measurements showed ohmic behavior of both MWCNT/P4VP-
Fe(CN)5 and MWCNT/P4VP films (see Supplementary Information). The value
of the conductivity were 2.35 and 0.95 mS m−1 respectively, whereas the pure
P4VP is known to be an insulator, with conductivity value of 3.6 µS m−1.181 The
presence of pentacyanoferrate did not change the semiconductor characteristic
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of the film, which is a property provided by dispersed MWCNTs. The enhanced
conductivity of these nanocomposite films combined with the electrocatalytical
properties of pentacyanoferrate have been explored to produce a superior elec-
trochemical sensor for cysteine.169 Therefore, we hope that MWCNT/P4VP
could serve as a versatile platform onto which different transition metal com-
pounds can be anchored to produce solution-processable materials of diverse
functionality.
4.4 Conclusions
Poly(4-vinylpyridine) and its metallopolymer bearing [Fe(CN)5]3− groups
coordinated to pyridyl side chains are able to suspend up to 1.1 and 0.6 mg
of multi-walled carbon nanotube per mL of polar solvents such as ethanol and
water/ethanol mixture upon sonication. Interactions of the type pi-pi stacking be-
tween the aromatic side chains of poly(4-vinylpyridine) and the nanotube walls
were pointed to be of the major relevance in the formation of suspensions in po-
lar water/ethanol mixture upon sonication. Such interactions could be disrupted
by addition of hydrocloric acid, allowing the measurement of the actual mass
of dispersed nanotubes. Flocculated MWCNT could be isolated and presented
no structural damage induced by the process, showing that their electronic and
mechanical properties could be preserved. Variation of the py:Fe molar ratio
in the metallopolymer and the P4VP:MWCNT weight ratio suggested that the
amount of MWCNT suspended is not proportional to the amount of uncoor-
dinated pyridyl groups. This fact might be related to the conformation of the
macromolecule in solution when it interacts with the nanotubes. Finally, the
system MWCNT/P4VP/Fe(CN)3−5 consists in a supramolecular assembly gath-
ering chemical species with very different polarity and properties. Under this
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perspective, a myriad of transition metal compounds could be coordinated to the
P4VP/MWCNT aggregate in suspension and have their unique optical, mag-
netic, catalytic properties combined to the good film forming and conductive
properties of the P4VP/MWCNT supramolecular platform.
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Chapter 5
Modified electrode using multi-walled
carbon nanotubes and a metallopolymer
for amperometric detection of L-cysteine
The content of this chapter and Appendix B are an adaptation of the ar-
ticle entitled “Modified electrode using multi-walled carbon nanotubes and a
metallopolymer for amperometric detection of L-cysteine” by Ca´tia Crispilho
Correˆa, Sergio Augusto Venturinelli Jannuzzi, Murilo Santhiago, Ronaldo Adri-
ano Timm, Andre´ Luiz Barboza Formiga, and Lauro Tatsuo Kubota reprinted
with permission from Electrochimica Acta. Copyright 2013. Elsevier Lim-
ited. The license to use this article in this thesis is found in Appendix E.2.
Reference: Electrochim. Acta, 2013, 113, 332–339.
My contribution to this work was the preparation of the material used in the
active layer, acquisition of scanning electron microscopy images and writing
the publication.
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5.1 Introduction
The carbon nanotubes (CNTs) are structures with demonstrated capability of
favoring electron transport from the electroactive layer to the electrode surface
owing to its high charge mobility.29 CNTs associated with redox mediators im-
part advantages once incorporated into analytical platforms for sensing not only
of L-cysteine (Cys),182–184 but also of hydrogen peroxide,185 glucose168 and oth-
ers.186, 187 The challenge in coating an electrode with CNTs is to achieve a good
dispersion188 since the highly hydrophobic walls tend to hold CNTs together in
bundles or in microscopic aggregates via van der Waal forces. Therefore, the
outermost walls must be functionalized to improve CNT wettability. Soft non-
covalent functionalization methods are preferable over oxidizing ones when the
electronic conductivity is wanted to be preserved.27 Usually, CNT are initially
dispersed by a dispersing agent that can be a low-molecular weight surfac-
tant like sodium dodecylsulfate189 and pyrene derivative,190 a conjugated poly-
mer152 or a nitrogen-containing polymer such as polyethyleneimine,182 poly(L-
lysine),183 chitosan187 or poly(4-vinylpyridine) (P4VP).184 Polymers are advan-
tageous in electrochemical sensor production due to its film-forming ability,
which makes a thin homogeneous coating more likely. The redox mediator is
anchored in a second step by dipping the CNT/dispersant-covered electrode into
a solution of the electroactive species.
Herein we report an alternative assembly method where the redox mediator is
already bound to the dispersing polymer via coordination. Redox metallopoly-
mer such as that formed by P4VP bearing a coordination compound with known
redox properties like ruthenium or osmium complexes103, 167 and pentacyano-
ferrate103, 191 have long been used for electrode modification. However, reports
on the use of pyridyl-pendant polymer complexed with pentacyanoferrate to-
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gether with CNT for electrochemical sensing are scarce.168 Parra-Alfambra and
coworkers used a pyridyl-derivatized chitosan to bind pentacyanoferrate, sim-
ilarly as described by Rodrigues and coworkers.192 These types of materials
appear promising for monitoring substances of biological interest, such as for,
example Cys.
Cys is a sulphur-containing amino acid with critical importance for many
biological functions. Although it can be synthesized in vivo under normal phys-
iological conditions via trans-sulphuration reaction between L-methionine and
L-serine,193 it must be ingested at some circumstances, as in the case of prema-
ture neonates.194 Cys is present ubiquitously in protein structures where its sul-
phydryl group can be found free (pKa 8.0), forming disulfide bridges (cystine)
or complexed with metal ions in active sites of several proteins and enzymes,
such as chloroperoxidase, cytochrome P450 and alcohol dehydrogenase.195 Ab-
normal levels of Cys are related to the development of pathological conditions
like Parkinson’s and Alzheimer’s disease, leukemia, diabetes, liver disorders,
among others.196
As a consequence of the importance of Cys, several determination meth-
ods have been developed. Spectroscopic methods usually need derivatization of
Cys to introduce a chromogenic or fluorogenic moiety.197, 198 Detection through
high performance liquid chromatography might take more than 10 min, reaches
detection limits in the order of fentomol, but also require derivatization for flu-
orescence detection.199 On the other hand, electrochemical methods have the
advantages of rapid response, relative low cost, simplicity of the instrumenta-
tion and high sensitivity which make them more suitable for practical uses. Cys,
as well as other sulphur-containing molecules, have been determined by various
electrochemical techniques such as amperometry, biamperometry, voltammetry
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and pulsed electrochemical detection.200
The major problem that must be circumvented for electrochemical determi-
nation of Cys and other thiols is the high overpotential required in most con-
ventional electrodes (Pt and glassy carbon). Electrochemical oxidation at such
highly positive potentials causes oxide formation at the electrode surface and
significantly reduces the detection selectivity. Our sensing system employs the
metallopolymer formed with P4VP and pentacyanoferrate, whose ability to ef-
ficiently disperse CNT was demonstrated in Chapter 4. Owing to the solva-
tochromic properties of the complex,114 it is possible to infer spectroscopically
the hydrophobicity of the chemical environment where it is placed.201 The dis-
persion procedure using the metallopolymer yields samples with 0.6 mg/mL of
MWCNT stable for at least 30 days. Aligning the CNT-dispersion capability
of the free pyridyl groups with the electrochemical properties of the pyridyl
groups complexed with pentacyanoferrate, we describe an amperometric sensor
for L-cysteine with a high rate constant for the chemical reaction.
5.2 Experimental section
5.2.1 Chemicals and Materials
All reagents were used as received from commercial sources, with no further
purification. The multi-walled carbon nanotubes (95 wt% purity, 10–40 nm ex-
ternal diameter, 5–20 µm length) were acquired from CNT Co., Ltd, Incheon,
Korea. Sodium nitroprusside (99%) was purchased from Merck, Darmstadt,
Germany. Poly(4-vinylpyridine) (99%, Mw = 160 000), ammonium hydrox-
ide (28%) and L-cysteine (Cys) were acquired from Sigma-Aldrich, St. Louis,
USA. Disodium phosphate (Na2HPO4), monosodium phosphate (NaH2PO4),
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potassium chloride (KCl) and ethanol were acquired from Synth, Sa˜o Paulo,
Brazil. The solutions were prepared by using water purified in a Milli-Q Milli-
pore system and the pH values of the buffer solutions were determined with a
Corning pH/Ion Analyser model 350. Standard solutions were daily prepared
by appropriate dilution of the stock solutions with deionized water.
5.2.2 Synthesis of Na3[Fe(CN)5NH3]·3H2O
Sodium aminopentacyanoferrate(II) has a labile ammonia ligand that was
planned to be displaced by the pendant pyridyl moieties of P4VP. The procedure
was based on sodium nitroprusside in concentrated ammonium hydroxide, as
described elsewhere.104
5.2.3 Synthesis of the metallopolymer [Fe(CN)5P4VP10]
Initially, 5.0 mL of a poly(4-vinylpyridine) stock solution in ethanol with
a concentration of 380 mmol L−1 of the polymer repeating unit (40 g L−1 of
P4VP) is placed in a round-bottom flask and is deaerated by flowing nitrogen
for 15 min. An aliquot of 1.550 mL of a 122 mmol L−1 aqueous solution of
Na3[Fe(CN)5NH3]·3H2O is added, and the mixture is stirred at room temper-
ature for 2 h. The aliquot volume was chosen to achieve the desired polymer
repeating unit/pentacyanoferrate molar ratio of 10. During the stirring, 1.6 mL
of dearated water was added to homogenize the forming metallopolymer solu-
tion. After that, the flask’s atmosphere was saturated with nitrogen and it was
stored at 8 °C in order to slow decomposition.
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5.2.4 Production of MWCNT suspensions
To obtain the dispersion of MWCNTs/[Fe(CN)5(P4VP)10], the following
procedure was employed: 38.4 µL of a metallopolymer solution recently pre-
pared as described in section 5.2.3 was added to 3.453 mL of water:ethanol
60:40 molar ratio and subsequently 8.4 µL of ethanol was added. This dilution
was done to check whether the metal-to-ligand charge transfer band in the visi-
ble region has absorbance of unity, once the molar extinction coefficient of the
[Fe(CN)5py]3− chromophore group is known[37, 39, 40] (py here is pyridine
or pyridyl moieties of the P4VP chains). The following ethanol addition was to
adjust the water/ethanol proportion in the medium to 60:40.
Control samples were produced containing P4VP/MWCNT and MWCNT
only. The former was prepared by taking 200 µL of the P4VP solution described
in section 5.2.3 and adding it to 89.6 µL of distilled water in order to adjust
the water/ethanol proportion. After that, 19.5 µL of this solution was diluted
in 1.98 mL of the solvent. A volume of 2.0 mL of metallopolymer solution,
P4VP solution and pure solvent was added to test tubes containing ca. 0.3
mg of MWCNT. The tubes were sealed with a stopper and parafilm to prevent
solvent evaporation during sonication and immediately sonicated for 2 hours.
An aliquot of 2.5 µL of freshly-prepared dispersions was added to the clean
GCE and then the electrode was dried at room temperature.
5.2.5 Preparation of the nanostructured functional platform
Prior to use, the working electrode (0.07 cm2) was carefully polished with
1.0, 0.5 and 0.3 µm alumina slurry successively, to obtain a mirror-like sur-
face and then washed with double distilled water. The glassy carbon electrode
(GCE) was ultrasonicated in 1:1 (v/v) ethanol/water solution for 5 min to re-
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Figure 5.1: Scheme of the metallopolymer molecular blocks. Metal-containing chain units and the
organic block as the metal-free chain segments.
move weakly adsorbed alumina particles. After cleaning GCE, an aliquot of
2.5 µL of the dispersion (ethanol: water, 40:60) MWCNTs/[Fe(CN)5P4VP10]
was added onto the GCE surface and then dried under nitrogen atmosphere (see
Figure 5.1).
5.2.6 Instruments and measurements
The MWCNT dispersions were prepared in an Thornton Chubby ultrasonic
bath, 240 W, 40 kHz from Inpec Eletroˆnica, Brazil. Scanning electron mi-
croscopy (SEM) was performed in a JEOL JSM 6360 LV operating at 20 kV.
The cyclic voltammetric (CV) and amperometric measurements were per-
formed using a PGSTAT-30 potentiostat model from AUTOLAB (Eco Chemie,
Netherlands) interfaced to a computer controlled by the GPES (4.9) and FRA
(4.8) software, respectively. An electrochemical cell with three electrodes was
used. A saturated calomel electrode (SCE) as reference, a coil of platinum wire
as auxiliary and GCE with and without modifications as working electrode were
used for all the measurements. The measurements were carried out using 10.0
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mL of buffer solutions. Oxygen was removed by bubbling nitrogen for 20 min
through the solution before each electrochemical measurement.
5.3 Results and discussion
5.3.1 Scanning electron microscopy
Figure 5.2a shows agglomerated MWCNTs bundles since no dispersing agent
was present in this sample. Figure 5.2b in turn shows the film of the metal-
lopolymer formed by drop-cast. It presents nanometric-sized globular particles
indicating that the degree of modification by pentacyanoferrate significantly al-
ters the glass transition temperature and thus the film-forming ability of P4VP.
The metallopolymer globules is less prone to coalescence than the pure polymer
due to the presence of ionic domains formed by the triply negatively charged
pentacyanoferrate and Na+ ions, which hamper the polymer chain mobility.
Lamellae lying perpendicularly and on the plane of the image are also notice-
able. They might be attributed to some long range order induced by the penta-
cyanoferrate groups, since the pure P4VP is known to be amorphous.
The MWCNTs/[Fe(CN)5(P4VP)10] nanocomposite is shown in Figure 5.2c.
Linear features resembling MWCNTs bundles can be noticed together with
globular particles of the metallopolymer. No agglomerates were found through-
out the film indicating that the nanotube bundles are dispersed by the metal-
lopolymer. In order to compare the film morphology without the complex, only
P4VP sonicated with MWCNT is presented in Figure 5.2d. The film has aggre-
gates where nanotube bundles are found nicely covered by P4VP film and by
the polymer in globular shapes of over 100 nm. These aggregates are spread
over a smooth and thin film formed by P4VP, where nanotubes are sparsely dis-
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(a) (b)
(c) (d)
Figure 5.2: Images of scanning electron microscopy (a) of pure MWCNTs, (b) metal-
lopolymer [Fe(CN)5(P4VP)10], (c) the nanocomposite MWCNTs/[Fe(CN)5(P4VP)10] and (d) the
MWCNTs/(P4VP)10. All magnifications are 40,000×.
tributed. Rouse reported that the availability of the N atom is determinant to
promote the suspension of single-walled carbon nanotubes (SWCNT), i.e. to
effectively interact with SWCNT and wrap around it.25 Changing from poly(4-
vinylpyridine) (P4VP) to poly(2-vinylpyridine) (P2VP) prevented the formation
of the suspensions, probably the same mechanism of interaction explains the in-
teraction between the metallopolymer and MWCNT.a
aThe article comprising this chapter was published before the results of Chapter 4, in which I more recently
recognize the importante of pi-pi stacking over the acid-base interaction.
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5.3.2 Cyclic voltammetry investigations
Preliminary experiments were conducted using cyclic voltammetry in order
to perform an electrochemical characterization of the modified electrode. Thus,
after the immobilization of the hybrid material the potential was scanned from -
0.25 to 0.45 V versus SCE in 0.1 mol L−1 PBS at pH 7.0. As can be observed in
Figure 5.3, the electrochemical response of the modified electrode shows a well-
defined redox process where both anodic and cathodic peaks are clearly seen. In
order to check if the observed redox process is due to a surface-confined electron
transfer from the iron(II) complex to the electrode surface, several cycles were
obtained in different scan rates. For a surface confined redox process, the peak
current should be proportional to the scan rate, as described in Equation 5.1:202
Ip =
n2F 2
4RT
νAΓ (5.1)
where Ip is the anodic or cathodic peak current, n is the number of electrons, F
is the Faraday’s constant (96485 C), R is the gas constant (8.314 J K−1 mol−1),
T is the absolute temperature, ν is the scan rate (in V s−1), A is the electrode
area and Γ is the surface concentration (in mol cm−2). As can be observed in
Figure 5.3 inset, the plots of anodic and cathodic peak currents versus scan rate
yields straight lines, as predicted by Eq. 5.1, indicating that the redox active
sites exhibits electrochemical responses of a surface confined process. Also,
the peak-to-peak separation at 10 mV s−1 was found to be 80 mV, which is
higher when compared with the theoretical value (∆Ep = 0 mV).202
For an ideal nernstian reaction under Langmuir isotherm, the full width at
half-height (fwh) for both anodic or cathodic process can be described as:202
∆Ep,1/2 = 3.53
RT
nF
=
90.6
n
mV (25 °C) (5.2)
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where ∆Ep,1/2 is the full width at half-height and the other terms were previously
shown. The fwh was found to be 223 and 150 mV for the anodic and cathodic
process, respectively. Deviations from the expected value may arise from lateral
interactions, inhomogeneity of surface sites and ion interactions.202, 203 Thus,
one of the reasons for this difference can be due to attractive or repulsive inter-
actions between the redox sites, since the redox-polymer is wrapped around the
carbon nanotubes.
Cyclic voltammograms of the modified electrode for different pH values was
obtained. There is no significant change in the formal potential of the redox
mediator with pH, indicating that protons are not participating in the process.
These data are shown in Appendix B.
Figure 5.3: Cyclic voltammograms of GCE/MWCNTs/[Fe(CN)5(P4VP)10] at various scan rates (10–
500 mV s−1) in 0.1 mol L−1 PBS at pH 7.0. (Inset) Plot of Ip versus ν and the respective linear regression
dataset: Ipa = 1.489 + 0.042X (R = 0.994) and Ipc = −1.613− 0.031X (R = 0.996).
5.3.3 Electrocatalytic activity of the hybrid material
The next step of the characterization studies was to evaluate the electrocat-
alytic activity of the redox mediator towards cysteine electrooxidation. In order
to understand more about the contribution of the materials in the electrooxida-
tion process, cyclic voltammograms for GCE and GCE/MWCNTs/P4VP were
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also conducted. The process associated with the electrochemical oxidation of
1.5 mmol L−1 of Cys can be visualized in Figure 5.4. As can be observed in Fig-
ure 5.4A, for the unmodified GCE the oxidation peak of cysteine occurs at 0.7
V vs. SCE. Such a process, occurring at high potentials, may result in oxidation
of possible interfering species. The process associated with the electrooxidation
of Cys for the GCE/MWCNTs/P4VP starts at 0.3 V with a peak at 0.7 V; Figure
5.4B. On the other hand, in the presence of the iron(II) complex, a drastic de-
crease of the oxidation peak (500 mV) can be observed showing the efficiency
of the redox mediator for Cys electrooxidation; Figure 5.4C.
Figure 5.4: Cyclic voltammograms obtained in 0.1 mol L−1 PBS at pH 7.0 in the absence (solid line) and
presence of 1.5 mmol L−1 Cys (dashed line) at 5 mV L−1 for (a) bare GCE, (b) GCE/MWCNTs/P4VP
and (c) of GCE/MWCNTs/[Fe(CN)5(P4VP)10], respectively.
In order to obtain more information about the Cys electrocatalytic system
on the electrode surface, cyclic voltammetric experiments were conducted in
0.1 mol L−1 PBS at pH 7.0 at various scan rates. The anodic peak current of
the voltammograms were measured and plotted versus the square root of the
potential scan rate (ν1/2) from 2 to 40 mV s−1. As can be observed in Figure
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5.5a, the plot of Ipa versus ν1/2 is linear and can be expressed by Eq. 5.3:
I(µA) = 0.05 + 0.08ν1/2(mV s−1) (5.3)
The linear correlation observed in Figure 5.5A indicates that the process is
diffusion-controlled in the studied scan rate range.202 Besides that, the plot
of the scan rate-normalized current (Ip/ν1/2) versus scan rate shows a char-
acteristic shape of a typical catalytic electrochemical process (ECcat) Figure
5.5B.186, 202 The observed results show that the overall electrochemical oxida-
tion of Cys at the modified electrode might be controlled by the cross-exchange
process between Cys and the redox system obtained from the iron complex and
diffusion of Cys. Thus, our results indicate the efficiency of the redox media-
tor employed here, more details about the reaction between Cys and the redox
active sites of the modified electrode can be observed in the next two topics.
Figure 5.5: (A) Ip versus ν1/2 in presence of 1 mmol L−1 Cys at scan rates of 2, 5, 10, 15, 25, 30 and 40
mV s−1. (B) Variation of Ip/ν1/2 versus ν. All studies were performed in 0.1 mol L−1 PBS at pH 7.0.
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5.3.4 Chronoamperometric studies
Double step potential chronoamperometry was employed for the investiga-
tion of electrochemical processes in the presence and absence of Cys. Figure
5.6A shows the current-time curves for the GCE/MWCNTs/[Fe(CN)5(P4VP)10]
by setting the working electrode potential at 260 mV (first step) and -100 mV
(second step) versus SCE for various concentrations of Cys. The data show that
when the concentration of Cys increases, the anodic current value associated
with the first step also increases. However, for the second step, the cathodic
current decreased indicating that Fe(II) present in the redox-polymer were be-
ing consumed by a chemical step, which can be explained by Eq. 5.4:
2R SH + Mox
kobs−−→ R S S R + Mred (5.4)
Cystine is the most probable product of Cys oxidation, as reported by Ralph
et al.204 The Fe(II) complexes generated in this step were oxidized on the sur-
face of the platform (Ea = 134 mV versus SCE) to Fe(III) complexes, thereby
allowing that the catalytic cycle was completed.
Therefore, a chemical reaction occurs on the nanostructured platform in the
presence of Cys and the rate constant, kobs, for his reaction can be evaluated by
chronoamperometry according to the method described in the literature:205
Icat
IL
= γ1/2pi1/2 = pi1/2(kobsCt)
1/2 (5.5)
Where Icat is the catalytic current of the modified electrode in the presence of
Cys, IL is the limiting current in the absence of Cys and γ = kobsCt (C is
the bulk concentration of Cys and t is the elapsed time). In order to obtain the
rate constant, initially graphs of versus were obtained as can be seen Figure
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5.6B. Then, slopes of Icat/IL versus t1/2 were plotted as a function of [Cys]1/2,
Figure 5.6C.The slope of this graph is 167.7 s−1/2 L1/2 mol−1/2, resulting in
a value of 8.95×103 L mol−1 s−1 for the heterogeneous rate constant. As can
be observed in Table 5.1, this work shows one of the highest heterogeneous
rate constants for cysteine electrooxidation, except for the work developed by
Mazloum-Ardakani et al.,206 however, their applied potential is 575 mV more
positive when compared with the present work.
Figure 5.6: (A) Chronoamperograms obtained for GCE/MWCNTs/[Fe(CN)5(P4VP)10] nanocomposite
in 0.1 mol L−1 PBS at pH 7.0 containing (a) blank, (b) 1.2, (c) 2.0, (d) 3.6 and (e) 4.7 mmol L−1 of Cys.
(B) Plot of Icat/IL versus t1/2 for 1.2, 2.0, 3.6 and 4.7 mmol L−1 of Cys, (C) plot of the slopes obtained
in (B) versus [Cys]1/2.
In order to obtain more information from the chronoamperograms the diffu-
sion coefficient was also calculated. For an electroactive material with diffusion
coefficient (D), the corresponding current I of electrochemical reaction (under
diffusion control) is described by Cottrel’s equation (Eq. 5.6):
I =
nFACD1/2
pi1/2t1/2
(5.6)
whereD andC are the diffusion coefficient (in cm2 s−1) and the bulk concentra-
tion (in mol cm−3), respectively. The plot of I versus t1/2 would be linear, and
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Table 5.1: Experimental conditions and rate constants for cysteine electrooxidation of the sensors re-
ported in the literature.
References Eapl. a
(mV)
Supporting electrolyte kobs
(L mol−1 s−1)
Raoof et al.207 800 0.1 mol L−1 PBS+0.1
mol L−1 LiClO4 pH 8.0
8.29
Mazloum-Ardakani et al.206 800 0.1 mol L−1 PBS pH 2.0 3.43×104
Sattarahmady and Helli208 900 0.1 mol L−1 PBS pH 7.4 5.17×103
Tong et al.209 800 0.1 mol L−1 NaClO4 pH 6.8 1.59×103
Santhiago et al.182 95 0.1 mol L−1 PBS pH 7.0 8.60×103
This work 305 0.1 mol L−1 PBS pH 7.0 8.95×103
a Applied potential versus Ag/AgCl.
from its slope, the value of D can be obtained. The chronoamperometry of the
nanostructured platform modified electrode in the presence of Cys represents a
typical I-t curve, which indicates that the observed current must be controlled
by Cys diffusion in the solution. A plot I versus t−1/2 for modified electrode
in the presence of Cys gives a straight line as in Figure 5.7A; the slopes of
such lines were used to estimate the diffusion coefficient of Cys. The slopes of
the resulting straight lines were plotted versus [Cys] (Figure 5.7B). Then mean
value of D was found to be 1.51×10−5 cm2 s−1, which is in good agreement
with those reported D value for Cys.210 The reaction principle that occurs at the
interface can be found in Appendix B.
Figure 5.7: (A) plot I versus t−1/2 using the same condition and concentrations of the chronoampero-
grams of Figure 5.6A and (B) plot of the slopes obtained in (A) versus [Cys].
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5.3.5 Analytical characterization
Aiming Cys detection, Figure 5.8 illustrates the chronoamperometric re-
sponse of the GCE/MWCNTs/[Fe(CN)5(P4VP)10] in 0.1 M PBS at pH 7.0 after
consecutive additions of Cys. As can be seen 8 (insert), the proposed sensor
showed a linear response ranging from 20.5 up to 151 nmol L−1 that can be
expressed according to:
∆I = 5.34 + 0.996[Cys] (nmol L−1 (5.7)
with a correlation coefficient of 0.998. Furthermore, the sensor response time
was very short, reaching 100% (steady-state current) of its maximum response
in 0.1 second. The detection and quantification limits were determined accord-
ing to IUPAC recommendations,211 achieving values of 6.15 and 20.5 nmol L−1,
respectively and a sensitivity of 0.996 nA L nmol−1. Comparisons of analytical
parameters for cysteine determination of some sensors reported in the literature
are presented in Table B.1.
Figure 5.8: Chronoamperometric response observed after successive additions of Cys 0.1 mol L−1 stock
solution in 0.1 mol L−1 PBS at pH 7.0 for GCE/MWCNTs/[Fe(CN)5(P4VP)10]. Inset: typical calibration
graph. Applied potential of 150 mV versus SCE.
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5.3.6 Stability of the hybrid material
The hybrid material obtained by metallopolymer P4VP-Fe(CN)5 adsorbed
onto multi-walled carbon nanotubes was stable for one month. Once prepared,
it is not necessary to disperse it again with sonication and it can be used for
one month without changes in measurements and material. The reader can see
Appendix B for details. The stability of the modified GCE electrode was evalu-
ated using cyclic voltammetry, and after 50 cycles no significant changes were
observed in the peak current for both electrochemical processes.
5.4 Conclusions
This work demonstrated for the first time the electrochemical characteriza-
tion of the metallopolymer [Fe(CN)5(P4VP)10] adsorbed into multi-walled car-
bon nanotubes. The synthetic procedure of the metallopolymer is highly re-
producible and versatile since py/Fe ratio spanning from 400 to 5 have been
reported. The actual composition in this range can be probed by UV-vis spec-
troscopy, thus showing prompt control of the concentration of the electrochemi-
cal mediator bound to P4VP. The dispersion of MWCNTs in [Fe(CN)5(P4VP)10]
showed to be a good alternative for the modification of glassy carbon electrodes.
The hybrid material does not need to be activated by redox cycling process and
the reversible redox couple (FeIII/FeII) was formed at relatively low overpo-
tential. The hybrid material showed a good electrocatalytic effect for cysteine
electrooxidation. The reaction between cysteine and the redox active sites of the
hybrid material were deeply studied by cyclic voltammetry and chronoamper-
ometry. From the cyclic voltammetric data, we found that the process associated
with cysteine electrooxidation is according with the ECcat mechanism. The rate
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of the chemical reaction between cysteine and the hybrid material was obtained
by chronoamperometry and was found to be 8.95×103 L mol−1 s−1. The value
of the diffusion coefficient of Cys obtained was in good agreement with the
value reported in the literature. The modified electrode showed a broad linear
range and a sensitivity of 0.996 nA L nmol−1.
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Chapter 6
Syntheses of tetraarylporphyrins and their
manganese complexes
6.1 Introduction
The classical route to obtain tetraarylporphyrins described in late 1960’s by
Adler and coworkers212 consisted in refluxing benzaldehyde and pyrrole in pro-
pionic acid, but it was considered inefficient with ortho-substituted benzaldehy-
des.35 Metalloporphyrins having sterically hindered meso groups (Ar in the po-
sitions 5,10,15,20 of the macrocycle, Figure 6.1) derived from mesitylbenzalde-
hyde, 2,6-dichlorobenzaldehyde or 2,3,4,5,6-pentafluorobenzaldehyde, for ex-
ample, are better catalysts for alkene and alkane oxidation reactions than those
not possessing ortho substituents. Bulky groups prevent the formation of the
catalytically inactive µ-oxo iron dimer and halogenation prevents intra- and in-
termolecular oxidation during the reaction.213
The 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (H2TPFPP) is of par-
ticular interest owing (i) the large number of communications reporting the high
efficiency of manganese and iron complexes of this ligand as catalysts for ox-
idation of organic substrates, (ii) the low MnIIITPFPP+/MnIITPFPP reduction
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potential,44 which is desired for reductive dioxygen activation,214 (iii) the high
degree of halogenation, granting chemical stability in oxidizing medium and
(iv) the myriad of possibilities of substitutions of the para fluoride.39
Longo and coworkers215 were the first to describe a procedure for H2TPFPP
synthesis, even though in low yield (11%) and with high chlorin impurity.216
Chlorin is the major tetrapyrrolyc macrocycle contaminant in porphyrin synthe-
sis, characterized by reduction of one of the peripheral double bonds between
carbons 7-8 and 17-18 (see Figure 6.1) and by an intense long-wavelength ab-
sorption at approximately 650 nm. Alternativelly, chlorin-free H2TPFPP can
be produced in 15% yield in refluxing glacial acetic acid and nitrobenzene as
oxidizing agent.217, 218
R1 R2 R3 M
H2TPP H H H H2
H2TPFPP F F F H2
H2TDCPP Cl H H H2
H2TMP CH3 H CH3 H2
MnTPP+ H H H MnIII
MnTPFPP+ F F F MnIII
Figure 6.1: Structure of some porphyrins and manganese(III) porphyrins.
Lindsey and coworkers35, 36 have studied extensively the reaction between
several aromatic aldehydes and pyrrole using either 2,3-dichloro-5,6-dicyano-
p-benzoquinone (DDQ) or 2,3,5,6-tetrachlorobenzoquinone (p-chloranil) as the
oxidant. The total reaction was rationalized in two steps: an initial acid-catalyzed
condensation step when the porphyrinogen macrocycle is formed (Eq. 6.1) fol-
lowed by the addition of the oxidant, when the fully conjugated porphyrin ring
is irreversibly formed (Eq. 6.2). The concentration of the reactants played an
important role. It must be high enough to favor the linear tetrapyrrolyc tetraaryl
chain in the condensation step (Eq. 6.1), which undergo cyclization to the por-
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phyrinogen macrocycle. If the concentration is too high, the chain grows longer
giving rise to polypyrrylmethanes which are later oxidized to tarry products.
The porphyrinogen in Eq. 6.1 attained its maximal concentration within about
one hour, assuring that the porphyrin yield is maximized in the next step (Eq.
6.2). The optimum conditions for H2TPP synthesis was using benzaldehyde
and freshly-distilled pyrrole at equimolar concentration of 10−2 mol L−1, boron
trifluoride etherate (10−3 mol L−1) in anhydrous dichloromethane as solvent
and under N2 atmosphere. The isolated yield of H2TPFPP was 25%,
36 which
could be further improved 54% by Volz and Schneckenburger219 by increasing
the DDQ/pyrrole molar ratio and the condensation reaction time.
(6.1)
(6.2)
The free-base porphyrin is useful for several applications such as photody-
namic therapy,39 dye-sensitized solar cells and sensors, for example. How-
ever efficient alkane or arene hydroxylation, alkene epoxydation and other re-
actions are only catalyzed by their chromium, manganese, iron or ruthenium
complexes owing the formation of a high-valent metal-oxo as active interme-
diate.47, 214, 220, 221 The first method to produce transition metal complexes was
reported by Adler37 and comprised in reflux of a divalent metal halide, acetate,
carbonate or hydroxide and the free base in dimethylformamide (DMF) for
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several minutes. In spite of the popularity of this procedure, DMF was latter
proven by Kadish and coworkers38 not to be useful for H2TPFPP metalation.
These authors showed that refluxing DMF releases dimethylamine enough to
convert the 2,3,4,5,6-pentafluorophenyl meso groups into 2,3,5,6-tetrafluoro-4-
(dimethylamino)phenyl due to the high susceptibility of the para fluoride to
undergo aromatic nucleophylic substitution.
Despite Kadish report,38 several authors40–43 claim the preparation of the
metalloporphyrin MnTPFPP(X) (X = Cl– or CH3CO2
–) in refluxing DMF, not
mentioning the possibility of being dealing with a mixture of mono-, di-, tri-
and tetraaminated products. Some other authors222–226 report the synthesis of
MnTPFPP(X) by a method “similar to that described by Kadish et al.”222, 223
or using “standard routes”224 even though in the referred publication38 no man-
ganese porphyrin synthesis was described. Probably the actual structure is ob-
tained with distilled DMF, but purification procedures is regularly not men-
tioned. The vague description of the synthetic protocols for metalation often
seem that they are commonplace, when in fact they are rather subjected to pe-
culiarities of the meso group, solubility in common solvent and purification
procedures. The lack of details may imply uncertainty of the actual chemical
structure of the metalloporphyrin used by those authors and surely challenges
the reproducibility.
6.2 Experimental section
6.2.1 Materials and equipments
The reagents and solvents were used as received without previous purifica-
tion, unless otherwise specified.
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Table 6.1: Data of the solvents and reagents used.
Name Formula Supplier and purity
Neutral alumina Al2O3 70-290 mesh Vetec
Boron trifluoride diethyl etherate BF3 · O(C2H5)2 Aldrich, 46-51%
2,3-Dichloro-5,6-dicyano-p-
benzoquinone (DDQ)
C8Cl2N2O2 Aldrich, 98%
Chloroform CHCl3 Synth, 99.8%
Cyclohexene C6H10 Aldrich, >99.5%
Cyclohexene oxide C6H10O Aldrich, 98%
Dichlorometane CH2Cl2 Synth, 99,5%
N,N-Dimethylformamide (DMF) C3H7NO Fluka, >99,5%
Ethanol C2H5OH Synth, 99.5%
n-Hexane C6H14 Synth
Manganese(II) acetate tetrahydrate Mn(C2H3O2)2 · 4H2O Aldrich, >99.0%
Methanol CH3OH Synth, 99.8%
Pentafluorobenzaldehyde C7HF5O Aldrich, 98%
Pyrrole C4H4NH Aldrich, 98%
Phosphorous pentoxide P4O10 Vetec, 99%
† Mass-average molar mass.
Elemental analysis. Carbon, nitrogen and hydrogen elemental analyses
were performed in a Perkin Elmer 2400 CHN analyzer.
UV-vis. Spectra in the region of ultraviolet-visible (UV-vis) were acquired
in a quartz cuvette with 10 mm optical path using a HP Agilent 8453 diode array
spectrophotometer, in the range of 200-1100 nm.
NMR. Nuclear magnetic resonance (NMR) of 1H and 19F were performed
in a Bruker 250 MHz machine, at room temperature. The chemical shifts of 1H
and 19F are relative to the signal of CHCl3 in CDCl3 at 7.26 ppm, and of CFCl3,
respectively.
MALDI-MS. The measurements of matrix assisted laser desoption ionization-
mass spectrometry (LDI-MS and MALDI-MS) were performed in a Synapt
G1 HDMS (Waters, Manchester, UK) with hybrid geometry quadrupole-time
of flight. The samples were disolved in CH3CN and 1.5 µL were either di-
rectly spotted on an appropriate LDI/MALDI metallic plate (LDI-MS) or mixed
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with 1.5 µL of a solution of alpha-cyano-4-hydroxycinnamic acid (10 g/L in
H2O/CH3CN 1/1 v/v), of which 1.5 µL were spotted (MALDI-MS). The plate
was let to dry in air at room temperature. The paramenters of the instrument
were: sample plate at 20 V, extraction at 10 V, hexapole bias at 10V, laser energy
300 a.u. for MALDI or 350-450 a.u. for LDI, collision energy in the trap and
transfer cells of 6 and 4 eV, detector MCP 1700 V. The spectra were acquired
at a rate of 1 Hz with m/z between 600-2000. Previously to the analysis, the
equipment was calibrated with ions of sodiated standard PEG 600/1000/2000
in the acquisition range. Data were processed using the software MassLynx
4.1.
ESI-MS. The measurements of electrospray ionization-mass spectrometry
(ESI-MS) were performed in a Micromass Quattro MicroTM API (Waters,
Manchester, UK) with triple quadrupole, in the positive mode. The samples
were diluted to 100 ppm in acetonitrile and analyzed by direct infusion at 50
µL/min using auxiliar flux of CH3CN or CH3OH/H2O 1:1 v/v with 0.1% of
formic acid at 0.1 mL/min. Capilary and extractor voltages were 3000 and 3 V.
Cone voltage for H2TPFPP and MnTPFPP: 40 and 50 V respectively. Collision
energy of MS/MS of H2TPFPP and MnTPFPP: 72 eV and 90 eV respectively.
6.2.2 Synthesis of meso-tetrakis(pentafluorophenyl)porphyrin – H2TPFPP
The procedures described by Lindsey35, 36 and by Volz219 were applied suc-
cessfully for the synthesis of H2TPFPP. The latter afforded the product in gram-
scale, it has a more straightforward purification step and for these reasons it will
be described.
Dichlorometane was distilled from phosphorous pentoxide and stored over
4-A˚ molecular sieves. Pyrrole was distilled under reduced pressure right before
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the reaction. To a three-necked round-bottomed flask fitted with reflux con-
denser, a bubbler, N2 inlet and a rubber septum 445 mL of dichloromethane and
a magnetic bar were added. The vessel was charged with 552 µL (7.52 mmol)
of freshly distilled pyrrole and 929 µL (7.52 mmol) of pentafluorobenzaldehyde
and it was shielded from ambient light with aluminum foil. Slow bubbling of
N2 was started and the mixture was magnetically stirred for 30 minutes in order
to purge O2. Then, 267 µL (2.16 mmol) of BF3 · OEt2 were added through the
rubber septum using a 50-µL Hamilton syringe. After 20 hours of stirring at
room temperature, 1.708 g (7.52 mmol) of DDQ was added at once. The flask
was immersed in a pre-heated water bath at 40 °C and was let stirring under
reflux for 2.5 hours.
The solvent was removed by distillation. The black solid was taken in 236
mL of a mixture of CHCl3/n-hexane 7/3 in volume and run in a column (3.0 cm
inner diameter) dry-packed with 147.5 g neutral alumina. Complete wash of the
column was observed after the use of 400 mL of mobile phase. A tarry material
was retained at the top and no bands were developed. After evaporation of the
solvent in reduced pressure, the solid was put in an oven at 100 °C overnight.
Finally, 1.03 g of a purple solid was isolated (56% yield). The yield of syntheses
following Lindsey’s procedure35, 36 ranged from 14% to 20%. Experimental
(calculated) elemental analysis for C44H10N4F20 ·H2O was C 53.65% (53.24%),
H 1.24% (1.22%), N 5.46% (5.64%). UV-vis (CH2Cl2) λmax: 262, 309, 412,
506, 535sh, 583, 637 nm. 1H-NMR (250 MHz, chloroform-d): δ −2.91 (s, 2 H,
NH) 8.92 (s, 8 H, CβH). 19F-NMR (235 MHz, chloroform-d): δ −161.36 (app
td, J=21.2, 7.1 Hz, 2 F, m-F) −151.24 (t, J=21.2 Hz, 1 F, p-F) −136.54 (dd,
J=23.5, 9.4 Hz, 2 F, o-F). ESI-MS: m/z found for [M+H]+ 975.3.
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6.2.3 Synthesis of meso-tetrakis(pentafluorophenyl)porphyrinatomanga-
nese(III) – MnTPFPP
DMF as solvent
Kadish and coworkers38 report the metalation of H2TPFPP with Cu(II), Co(II)
and Ni(II) in toluene, acetonitrile and DMF. Manganese(II) acetate tetrahydrate
was soluble only in the latter, thus DMF was chosen in order to check the appli-
cability of Adler’s procedure37 and to check whether the substitution of the p-F
by N(CH3)2 could be avoided in short reaction times, and consequently whether
the chemical structure of this complex synthesized in DMF in many works40–42
is trustworthy.
In a round-bottomed flask, 120 mL of DMF was added together with 0.3077
g (0.316 mmol) of H2TPFPP and 0.7756 g (3.160 mmol) of Mn(CH3CO2)2 ·
4H2O and a magnetic bar. The flask was attached to a reflux condenser and
immersed in a pre-heated oil bath. After 40 minutes in reflux and stirring, the
fluorescence of a diluted aliquot was vanished, indicating the completeness of
metalation,37 then the solvent was removed in reduced pressure within more 20
minutes.
The purification step followed Hyun and coworkers.40 The black solid was
taken in 50 mL of CH2Cl2, the solution was washed with 4×20 mL of distilled
H2O, dried with MgSO4 and filtrated to remove unreacted manganese acetate.
The filtrated solution was evaporated under reduced pressure together with a
small portion of silica. The solid was then transferred to the top of a wet-packed
silica gel column and eluted with approximately 1 L of CH3OH/CH2Cl2 1/9 in
volume, which was further evaporated. UV-vis (CH2Cl2) λmax: 368, 458, 555,
676 (weak) 769 (weak) nm. MALDI-MS: see Results and discussion.
S. A. V. Jannuzzi, PhD Thesis
Chapter 6. Syntheses of metalloporphyrins 128
Ethanol as solvent
A round-bottomed flask was charged with 404 mL of absolute ethanol, 0.4039
g (0.414 mmol) of H2TPFPP, 1.0169 g (4.15 mmol) of Mn(CH3CO2)2 · 4H2O
and a magnetic bar. The flask was covered with aluminum foil and immersed
in an oil bath. Stirring and reflux were held for 20 hours, then the solvent was
removed by distillation. A small portion of alumina and CH2Cl2 were added,
the solid was evaporated to dryness, transferred to the top of a jacketed col-
umn (3.0 cm inner diameter) dry-packed with 145.2 g of neutral alumina ac-
tivity I and eluted with chloroform/n-hexane 1/1 in volume. The column was
cooled with cold water. Four bands eluted in the sequence: green, yellow, a
black narrow ringa and red. As soon as the third band eluted, the mobile phase
was changed to pure chloroform to rapidly elute the fourth band having the
pure product. This fraction was collected, evaporated and 0.3342 g of a black
solid was obtained (74% yield). Experimental (calculated) elemental analysis
for C44H8N4F20MnCl · CH3CN was C 50.00% (50.04%), H 1.44% (1.00%), N
6.34% (6.34%). Chloride was later identified in the rinsing water of the neutral
alumina used in column chromatography. UV-vis (CHCl3 solution) λmax: 365,
474, 573, 673 (weak), 762 (weak) nm. IR (KBr): 3111, 2929, 1653, 1526, 1517,
1492, 1426, 1340, 1212, 1166, 1085, 1061, 1013, 989, 944, 936, 802, 798, 760,
727, 703 cm−1. ESI-MS: m/z found for [M+CH3CN]
+ 1068.3.
6.2.4 Single-crystal X-ray diffraction
Single dark red needle-shaped crystals of the manganese porphyrin were ob-
tained by recrystallisation from slow evaporation of toluene, with dropwise ad-
dition hexane over several weeks. A suitable crystal (0.3×0.20×0.15 mm) was
aIf the column is wet-packed, this black ring splits in a lower green and an upper brown band.
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selected and mounted on a Mitegen Micromount. X-ray data were collected on
a Bruker Apex equipped with CCD detector, graphite monochromator and with
Mo Kα (0.71703 A˚) radiation. The experiments were performed at 150 ± 2K
with φ and ω scans. Data were measured using ω and pi scans scans of 1.0° per
frame for 25.0 s using MoKα radiation (Enhance Mo X-ray Source, 50 kV, 30
mA). The total number of runs and images was based on the strategy calcula-
tion from the program CrysAlisPro.227 The actually achieved resolution was Θ
= 26.372.
Cell parameters, data integration, analytical absorption corrections, space
group identification and scaling of the reflections were performed CrysAlisPro
(Version 1.171.37.35)227 software on 62320 reflections, 29% of the observed
reflections. Data reduction was performed in the same software which corrects
for Lorentz polarisation. The final completeness is 100.00% out to 26.372 in Θ.
The absorption coefficient (µ) of this material is 0.419 and the minimum and
maximum transmissions are 0.93772 and 1.00000. The structure was solved in
the space group C2/c (#15) by Direct methods using the ShelXT structure solu-
tion program and refined by Least Squares using version 2014/6 of XL.228 The
positions of all non-hydrogen atoms for the compound could be unambiguously
assigned on consecutive difference Fourier maps. All non-hydrogen atoms were
refined anisotropically. Refinements were performed using SHELXL 2014/6229
based on F 2 through full-matrix least-squares routine. All hydrogen atoms were
included as fixed contributions according to the riding model.230 The fixed pa-
rameters for the hydrogen atoms were Csp2−H= 0.95A˚ andUiso(H)= 1.2Ueq(C)
and Csp3−H= 0.98A˚ and Uiso(H)= 1.5 Ueq(C). OLEX2231 was used in the
preparation of publication material and graphics. More details are found in the
deposited structure in Cambridge Crystallographic Data Centre (CCDC) num-
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ber 1441622.
Searches in Cambridge Crystallographic Data Centre (CCDC) were per-
formed using Conquest software with all structures with R below 0.1 and with
3-D coordinates determined. The version used was 5.36 update 3.
6.3 Results and discussion
The rationalization of the relative high yields in the synthesis of tetraaryl-
porphyrins proposed by Lindsey35, 36 in comparison to earlier methods is based
on the separation of the two steps represented by Eqs. 6.1 and 6.2, i.e., the con-
centration of the porphyrinogen must reach the maximum concentration possi-
ble by the equilibrium (6.1) before being oxidized to porphyrin. If the proper
purge of O2 is not done, short polypyrrylmethane chains are early oxidized to
dipyrromethenes, tripyrranes, thus making purification more difficult and low-
ering the porphyrin yield. The porphyrinogen is colorless [232, p. 96], therefore
the mixture is expected to remain colorless when BF3 is added, while keeping
the inert atmosphere. In one of the synthesis attempt, the reaction medium in-
deed turned yellow and then orange and finally dark red after the flask had been
opened to add BF3. Alternatively, when the inert atmosphere was preserved, the
reaction medium slowly became clean yellow on the course of the first hour of
the condensation step. When a smaller volume of BF3 was added, the reaction
medium became pale pink and the product yield was drastically diminished.
To keep the reaction occurring in the dark is also important since oxidation of
porphyrinogen is photocatalyzed by the product, porphyrin.232 These facts evi-
dence the importance of the absence of O2 and the shielding from light.
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6.3.1 Electronic spectroscopy spectroscopy of H2TPFPP
Figure 6.2 shows the electronic absorption spectrum of H2TPFPP synthe-
sized as described above. Only the band at 657 nm is not attributed to the
porphyrin but to its chlorin derivative.216 Besides, the weak absorptions in the
680-780 nm region also denotes that the product was not pure. NMR spec-
troscopy (Figure 6.3) did not show signs other than those attributed to H2TPFPP
and solvents, suggesting that the concentration of the contaminants should have
been low and only noticeable in UV-vis spectroscopy due to their high molar
absorptivity (ε). For example, the ε of the band at 654 of tetraphenylchlorin is
41.7×103 L mol−1 cm−1. [233, p. 876] The reason for contamination might have
been O2 contamination, inefficient shielding and/or the manipulation of the col-
umn when one tried to remove the alumina of the top containing the tarry black
side product in order to accelerate the elution. Nevertheless, the product was
not further purified because we relied in the purification step of its manganese
complex.
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Figure 6.2: UV-vis spectra of diluted and concentrated solutions of H2TPFPP in CH2Cl2. Vertical
dashed lines are the maximum wavelenth of the bands reported for the porphyrin in the literature.212,214
Band at 657 nm is assigned to the chlorin derivative.212
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6.3.2 Nuclear magnetic resonance of H2TPFPP
Free-base meso-tetraarylporphyrins have four-fold symmetry if we consider
the annular prototropic tautomerism of the pyrrolic hydrogens and that the di-
hedral angle of the four meso aryl fluctuates in the same manner. Consequently,
we expected three sets of signals for the 1H-NMR in solution: (i) a broad signal
of the hydrogens bonded to the pyrrolic nitrogens experiencing a strong shield-
ing due to the electronic current of the conjugated macrocyle, (ii) deshielded
hydrogens bonded to the pyrrolic β carbons (numbered as 2, 3, 7, 8, 12, 13,
17 and 18 in Figure 6.1) and (iii) hydrogens of the meso aryl group, which is
not the case of H2TPFPP. Then, the spectrum consists only in two singlets, as
shown in Figure 6.3a. 19F-NMR (Figure 6.3b) is also expected to present three
signals integrating in the ratio of 2:1:2 for the ortho, para and meta fluorines,
given that both faces of the macrocyle are equivalents. The chemical shifts as
well as the integrations for both nuclei are in agreement with expected and with
literature.38, 218, 219, 234
The m-F is the farthest downfield owing the electron-donating character of
the porphyrin ring, which increased electronic density at the o and p positions.
On the other hand, o-F is the most shielded probably due to the proximity with
the macrocyle pi cloud. The p-F couples with the two m-F giving a triplet with
3Jp-m = 21.2 Hz; the signal of the m-F is approximately a triplet of doublets
with 3Jm-o = 21.2 Hz with the neighboring o-F and 5Jm-o′ = 7.1 Hz with o-F
of the other side of the ring. This signal appears to have an additional spliting
probably due to coupling between the two m-F with small 4Jm-m ≈ 2 Hz.234
These J values agree with the literature234 and with those reported in section
6.2.2 considering the experimental error of ±0.01 ppm.
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Figure 6.3: 1H- (a) and 19F-NMR (b) of H2TPFPP in CDCl3.
6.3.3 Mass spectrometry of H2TPFPP
The mass spectrometry of H2TPFPP (Figure 6.4a) revealed the monoproto-
nated molecule at m/z 975.3 as the most intense signal. The MS/MS experiment
of the H3TPFPP
+ ion (Figure 6.4b) revealed a regular fragmentation pattern.
The first series in the m/z 815-955 range are eight subsequent loss of HF of
the parent ion. The first signal of the second series (690-790 m/z) at 807.9 is
attributed to the loss of a meso C6F5 of the parent ion, followed by six subse-
quent HF losses. The third and the forth series are less intense but follow the
same pattern. The very same pattern was reported for 5,10,15-tris(pentafluoro-
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Figure 6.4: Mass spectrum of H2TPFPP (a) and the MS/MS spectrum of the ion H3TPFPP
+, with m/z
975 (b).
Once the free base was characterized, one could proceed to the coordina-
tion to manganese. A general reaction between a porphyrin H2P and a salt of
manganese(II) is writen in Eq. 6.3, where metal oxidation by the air oxygen is
emphasized.
H2P + Mn
II(X)2 +
1
4
O2 → [MnIII(P)(X)] + X− + H+ +
1
2
H2O (6.3)
The column chromatography of the reaction using ethanol as solvent re-
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sulted in four bands clearly separated, as described in section 6.2.3. Each one
was collected, analyzed by UV-vis spectroscopy and the spectra are shown in
Figure 6.5a. The first fraction exhibited the bands in the region of 680-780
nm, also present in H2TPFPP spectra (Figure 6.2), whose origin could be low-
molecular-weigth polypyrroles. The green color might be due to the presence of
2,3-dichloro-5,6-dicyano-1,4-dihydroxybenzene, which is the DDQ reduction
product. The second fraction was yellow, a typical color of dipyrromethenes,
besides, the spectrum shows an intense band at 425 nm, which agrees with
reported for 5-(pentafluorophenyl)dipyrromethene.236 The third fraction pre-
sented the characteristic long-wavelenth Q band of the chlorin contaminant at
657 nm and the maximum at 418 can be the chlorin or the unreacted H2TPFPP
Soret. The bands at 572, 473 and 365 nm are assigned the the Q, Soret and
charge transfer band of the MnTPFPP product. The shoulder at 430 suggests
the presence of the high-valent oxo derivative MnIV(O)TPFPP.42 The forma-
tion of the oxo-manganese species inside the column was soon evidenced by
the UV-vis spectrum of the fourth fraction (Figure 6.5b, dashed line). Immedi-
ately after elution, the spectra shows an intense band at 420 nm, which slowly
vanishes, being further converted into the spectra of MnTPFPP species42, 223–225
(Figure 6.5b, solid line). The formation of the neutral42 MnIV(O)TPFPP would
also explain the presence of manganese porphyrin in a fraction with lower re-
tention time than the fourth, where the product is predominantly in the MnIII
cationic form.
When the column was wet-packed in another synthesis batch, the third frac-
tion of the column, a narrow black ring, was separated in a lower green and an
upper brown band attributed to chlorin and oxo species respectively. Unfortu-
nately, the column must be dry-packed because in this batch the spectrum of the
S. A. V. Jannuzzi, PhD Thesis
Chapter 6. Syntheses of metalloporphyrins 136
0.0
0.5
1.0
250 300 350 400 450 500 550 600 650 700 750 800
A
b
so
rb
an
ce
Wavelength (nm)
MnTPFPP-71. Dry-packed column of neutral Al2O3, CHCl3/n-hexane 1/1
fraction 1  green
fraction 2  yellow
fraction 3  black
(a)
0.0
0.5
1.0
250 300 350 400 450 500 550 600 650 700 750 800
A
b
so
rb
an
ce
Wavelength (nm)
MnTPFPP(OAc) of 21 Feb 2014 in CHCl3
right after column
one day later
(b)
Figure 6.5: UV-vis spectra of each fraction of the chromatographic column of MnTPFPP synthesized in
ethanol (a) and spectra of an aliquot of the fourth fraction, the product (b).
red fourth fraction, supposedly pure, presented absorptions in the 680-780 nm
relative to the first fraction, indicating that wet-packing broadens the fractions
excessively.
6.3.4 Crystal structure of MnTPFPP
The crystal structure display chlorine as contra-ion of MnTPFPP+ despite the
use of manganese acetate salt in the synthesis. A portion of the neutral alumina
used in the purification step was washed with distilled water. After decanta-
tion, a silver nitrate solution was added to the supernatant water, showing abun-
dant formation of a solid precipitate (AgCl). The column chromatography ex-
changed the anions at least partially and later the metalloporphyrin crystallized
preferably with chloride. Few Mn(III) porphyrin structures are reported with
weakly coordinating counter ions such as sulphate237 and triflate,238 whereas
most structures239–242 present coordinated chlorine and none has acetate. This
fact is indicative that crystallization is facilitated with the halide. Figure 6.7
shows the structure of meso-tetrakis(pentafluorophenyl)manganese(III) chlo-
ride, MnTPFPP(Cl), toluene solvate obtained by single-crystal X-ray diffraction
and the atom numbering. Table 6.2 brings the crystallographic information.
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Figure 6.6: Mass spectrum of MnTPFPP (a) and the MS/MS spectrum of the ion MnTPFPP(CH3CN)+,
with m/z 1068 (b).
The compound crystallises in a monoclinic C2/c space group with the asym-
metric part of unit cell containing one MnTPFPP(Cl) unit. Two toluene molecules
are in non-special position and the ring of the third toluene molecule lies almost
perpendicular to the proper 2-fold symmetry axis (see Figure 6.8).
The distance Mn1–Cl1 is 2.3712(10) A˚ and agrees with the average Mn(III)–
Cl bond of 2.346(14) A˚ in pentacoordinated manganese complexes.243 The dis-
tances between Mn and N atoms are characteristics of Mn(III): 2.0161(27),
1.9980(27), 2.0163(26), 1.9977(27) A˚. The same average distance found in
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Figure 6.7: View of the crystal structure of MnTPFPP(Cl) with atom numbering. Thermal ellipsoids are
drawn at the 50% probability level, and the toluene molecules are omitted for clarity.
CCDC for Mn-porphyrins are 2.057(48) and 2.007(11) for Mn(II) and Mn(III),
respectively.b The distorted square pyramidal geometry of manganese coordina-
tion is likely due to the repulsive effect between Mn–Cl group and the vicinity.
Adjacent phenyl ring is in close contact with the chlorine, showing Cl1–C33
and Cl1–C34 distances of 3.335(4) and 3.346(4) A˚ respectively. These values
are smaller than the sum of van der Waals radii for carbon and chlorine (3.45
A˚).242 This contacts can be visualized in Figure 6.9. The least-squares plane
fitted by the four nitrogen atoms of the porphyrin has the root mean square of
0.0358 A˚ with Mn1 deviating 0.2655(13) A˚ from the plane in the direction of
the apical Cl1.
The porphyrin ring is notably distorted with the angles between each pyr-
role unit ranging from 10.6(1)° to 22.0(1)° (see Figure 6.10). The position of
Mn1 atom deviates 0.2655(13)A˚ from the centroid formed by the four N atoms.
This value is large in comparison to Mn(II) and Mn(III) porphyrins found in
bThe CCDC data research was performed accordingly the criteria presented in the Support Information.
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Table 6.2: Crystallographic data of [Mn(TPFPP)Cl] · 3C7H8.
Formula C123H56Cl2F40Mn2N8 Θmin (°) 1.780
Molecular weight 2586.53 Θmax (°) 26.372
ρ (g cm−1) 1.628 Measured Refl. 212263
mu/mm−1 0.419 Independent Refl. 10787
µ(MoKα) 0.419 Reflections Used 7716
Crystal System monoclinic Rint 0.1325
Space Group C2/c Parameters 793
a (A˚) 22.0745(6) Restraints 0
b (A˚) 20.8937(5) Largest Peak 1.021
c (A˚) 24.5383(7) Deepest Hole -0.455
α (°) 90 GooF 1.093
β (°) 111.174(3) wR2 (all data) 0.1303
γ (°) 90 wR2 0.1184
Volume (A˚3) 10553.4(5) R1 (all data) 0.0989
Z 4 R1 0.0655
Z’ 0.5
CCDC: 0.152 A˚ and 0.058 A˚ respectively. The protrusion of the metal can be
consequence of the ruffled conformation of the macrocyclic ring, which can be
seen in the Figures in the Supporting Information. As noted by Williamson and
Hill,238 atoms significantly deviating from the mean 24-atom plane is charac-
teristic of ruffled conformation of porphyrin ring. In the MnTPFPP(Cl), the
maximum positive deviation is 0.4857(31) A˚ for C37, while the maximum neg-
ative is−0.3724(30) A˚ for C3. This great distortion can be attributed to packing
effects238, 242 and the presence of three molecules of toluene.
6.3.5 Mass spectrometry of MnTPFPP: effect of DMF
The mass spectrometry of the MnTPFPP revealed a clean ESI-MS spec-
tra, presented in Figure 6.6a. The signals (and the respective intensity) at m/z
1105.3 (10%), 1068.3 (100%) and 1027.3 (13%) agrees with the expected mass
of the monocationic species MnTPFPP(CH3CO2H)(H2O)
+, MnTPFPP(CH3CN)
+
and MnTPFPP+, respectively. The m/z ratio of the first ion matches for a species
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Figure 6.8: View of crystalline packing along b axis. Hydrogen atoms are omitted for clarity.
containing acetic acid. This fact indicates that the column chromatography ex-
changed partially acetate by chloride. The selection of the ion at m/z 1068
provided the MS/MS spectrum depicted in of Figure 6.6b. The parent ion is
not observed, showing that CH3CN molecule is readily dissociated to generate
the ion MnTPFPP+ at m/z 1027.4. Thenceforth, the same fragmentation pattern
of H2TPFPP (Figure 6.4b) is observed: four subsequent loss of HF relative to
the ion at 1027 in the first series. The peaks at 859.2 and 693.1 agree with the
loss of HC6F5 and 2×C6F5 aryl groups, each one followed by three and one HF
losses, respectively. The same MS/MS spectrum was acquired by selecting the
ion at m/z 1027.
When the metalation proceeds in DMF, the mass spectrum of the product
is very different. The main peaks in the crowded spectrum presented in Fig-
ure 6.11 at m/z 1027 (26% intensity), 1052 (79%), 1077 (100%), 1102 (67%)
and 1127 (15%) agree with the mass calculated for the monocationic species
MnTPFPP+, Mn(PF)3(DMATF)P
+, Mn(PF)2(DMATF)2P+, Mn(PF)(DMATF)3P
+
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Figure 6.9: View of the close interaction between C1, C33 and C34. i = (32 +x,
3
2 + y, z+ 1). Thermal
ellipsoids are drawn at the 50% probability level, and the toluene molecules are omitted for clarity.
Figure 6.10: View of the least-squares planes A (N1, C12, C13, C14, C15), B (N4, C24, C25, C26,
C27), C (N3, C35, C36, C37, C38) and D (N2, C1, C2, C3, C4). Thermal ellipsoids are drawn at the
50% probability level, the toluene molecules and the pentafluorphenyl groups are omitted for clarity.
A∠D = 18.830(102)°, D∠C = 14.930(126)°, C∠B = 21.974(107)°, B∠A = 10.595(110)°.
and to the tetrasubstituted Mn(DMATF)4P
+ respectively. PF, DMATF and P de-
note pentafluorophenyl, dimethylaminotetrafluorophenyl and porphyrinato groups
respectively. The UV-vis spectrum of this product in dichloromethane shows the
Soret band at 458 nm, the Q at 555 nm and another weak band at 676 nm. A
manganese TPFPP derivative having the four p-F subsituted by a primary amine
showed these band at 462, 557 and 679 nm respectively,244 which confirmate the
substitution of a fluorine atom by an amine. The isolation of the desired prod-
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uct would be extremely laborious, thus making this solvent improper to produce
MnTPFPP even in short reaction times.
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Figure 6.11: MALDI-MS spectrum of the product of the reaction between H2TPFPP and Mn(C2H3O2)2 ·
4H2O carried out with N,N-dimethylformamide as solvent, showing MnTPFPP
+ (a), Mn(PF)3(DMA-
TF)P+ (b), Mn(PF)2(DMATF)2P+ (c), Mn(PF)(DMATF)3P
+ (d) and Mn(DMATF)4P
+ (e).
6.4 Conclusions
The absence of O2 in the condensation step of the porphyrin synthesis is
crucial for a high yield production and also make the purification easier. Even
though the purification of H2TPFPP was not complete, after metalation in etha-
nol, the impurities could be separated to afford MnTPFPP in high purity. How-
ever, during column chromatography with neutral alumina, the acetate counter
ion was partially exchanged by chloride adsorbed on the stationary phase. The
manganese complex with pentafluorinated phenyl groups was the sole product
from the reaction in ethanol. The synthesis in DMF resulted in the desired prod-
uct together with a mixture of dimethylaminated manganese porphyrins.
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Chapter 7
The use of modified electrodes by hybrid
systems gold nanoparticles/Mn-porphyrin
in electrochemical detection of cysteine
The content of this chapter is an adaptation of the article entitled “The use
of modified electrodes by hybrid systems gold nanoparticles/Mn-porphyrin in
electrochemical detection of cysteine” by Mariana Carvalhaes Gallo, Bruno
Morandi Pires, Kalil Christian Figueiredo Toledo, Sergio Augusto Venturinelli
Jannuzzi, Eduardo Guimara˜es Ratier de Arruda, Andre´ Luiz Barboza Formiga
and Juliano Alves Bonacin reprinted from Synthetic Metals. Copyright 2014.
Elsevier Limited. The license to use this article in this thesis is found in Ap-
pendix E.3.
Reference: Synth. Met. 2014, 198, 335–339.
My contribution to this work was the systhesis, purification and characteri-
zation of the manganese porphyrin and writing the publication.
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7.1 Introduction
The search for electrochemical sensors is an alternative for quick and reli-
able diagnostics of several diseases, which may avoid laborious antigen test or
separation methods.245 Many conditions are associated to L-cysteine (Cys) de-
ficiency such as slow growth, edema, lethargy, liver damage, loss of muscle and
fat, skin lesions, Parkinson’s and Alzheimer’s diseases, leukemia, diabetes and
others.196, 246 Due to its biological importance, different techniques for Cys de-
tection have been developed such as fluorescent or colorimetric sensors,247, 248
HPLC and electrochemical oxidation.169, 249 Electrochemical methods show
some advantages such as good detection limit, selectivity, rapid response and
instrumental simplicity.169 Furthermore, the microelectronic fabrication used
to produce portable electrochemical devices is well-known, enabling the use of
these techniques in point-of-care devices.250
Electrochemical systems must be carefully designed in order to avoid the
usual high overpotential of cysteine and other thiols in Pt or glassy carbon elec-
trodes.169 For this purpose not only a suitable redox mediator must be used in
electrode modification, but also a highly conductive pathway is desired for good
sensitivity.
Iron and manganese porphyrins have long been used in oxidation reactions
inspired on cytochrome P450, which contain an heme prosthetic group.47 Iron
porphyrins however have the tendency to form µ-oxo aggregates when sup-
ported in organic polymers.251 This characteristic make the manganese com-
pounds more promising to produce better catalyst when assembled over an elec-
trode surface. They were used to produce sensors for acetone and lower alco-
hols,252 metal ions, inorganic anions and drugs.253 meso-Tetraphenylporphyrin-
atomanganese(III) chloride and meso-tetrakis(3-hydroxyphenyl)porphyrinato-
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manganese(III) chloride embedded in poly(vinylchloride) matrix were used to
build a potentiometric sensor for diclofenac, a non-steroidal analgesic and anti-
inflamatory drug. Many interfering ions were investigated such as SCN−, saly-
cilate, acetate and iodide. Even though SCN− was the most problematic, the
authors claimed a stronger response to diclofenac anion based on the potentio-
metric selectivity coefficient of the sensor.253 Wu et al.254 employed a man-
ganese porphyrin associated with graphene for electrochemical sensing of an
organophosphorous insecticide (dimethoate) in micromolar range.
Association between the electrocatalyst and a conductive platform such as
carbon nanotube,169 graphene254 or metallic nanoparticles255 is critical to en-
hance the performance of electrochemical devices. For this purpose, gold nano-
particles are interesting for many reasons: they can be assembled onto an elec-
trode surface to increase the effective area and, owing the spherical morphol-
ogy, the interstitial space allows efficient mass transfer.256 The metallic nature
provides a conductive pathway for charge transport and the surface can be func-
tionalized by metal compounds using standard strategies in coordination chem-
istry.257–259
In this work we investigated synergistic behavior between gold nanoparticles
and meso- tetrakis(pentafluorophenyl)porphyrinatomanganese(III) over fluoride
doped tin oxide (FTO) electrode. To prove the concept we used a modified
electrode for the detection of L-cysteine.
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7.2 Experimental section
7.2.1 Reagents
Reagents were of analytical grade and no preliminary purification was done,
with the exception of pyrrole and dichloromethane used in the synthesis of
porphyrin, that were previously distilled. Aqueous solutions were prepared in
purified Milli-Q water (Millipore Corp.). The FTO coated glasses, 2,3,4,5,6-
pentafluorobenzaldehyde, pyrrol, HAuCl4 · H2O, L-cysteine, 3-mercaptopro-
pionic acid (MPA), 4-mercaptopyridine (4MPy) were purchased from Sigma-
Aldrich (St. Louis, EUA). Sodium citrate and dichloromethane were purchased
from Synth (Sa˜o Paulo, Brazil).
7.2.2 Synthesis of the manganese porphyrin
The meso-tetrakis(pentafluorophenyl)porphyrin (H2P) was synthesized us-
ing the procedure described by Lindsey et al.36 and the manganese porphyrin
(MnP) was synthesized as described in Chapter 6. Both products were char-
acterized using spectroscopic and spectrometric techniques and the results ob-
tained were consistent with the data reported in the literature36, 224
7.2.3 Synthesis of gold nanoparticles
Gold nanoparticles (AuNP) were synthesized according to the Turkevich
method.260 100 mL aqueous solution of sodium citrate (1 g, 3.9 mmol) was
added to the same volume of boiling aqueous solution of HAuCl4 · H2O (0.012
g, 0.034 mmol) under vigorous stirring. The container was insulated of external
light for 30 min.
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7.2.4 Electrode modification
FTO electrodes were previously immersed in a H2O2:H2SO4 solution 1:3
in volume for 10 min. After that, they were immersed in a NH4OH, H2O2
and water solution (1:1:5) for 15 min and so rinsed with Milli-Q water. Then
the electrodes were immersed in a 1 mM solution of 3-mercaptopropionic acid
(MPA) for 12 h, rinsed with distilled water and dried under reduced pressure
in a desiccator. After dried, an area of 1 cm2 of each electrode was isolated
and activated with MPA, defining the active area. 200 µL of AuNP solution
were deposited on the surface of the electrodes, which were stored in desiccator
until complete dryness. The electrodes were washed with distilled water and
after that, 200 µL of 4MPy solution (4-mercaptopyridine in dichloromethane,
56 mM) were deposited on their surfaces. The electrodes were stored in a des-
iccator until complete dryness and washed again with distilled water. Finally,
200 µL of MnP solution (2.5 mM in dichloromethane) were deposited on the
surface of electrodes. Modified electrodes were washed with distilled water and
they were stored in a desiccator until complete dryness.
7.2.5 Instruments and measurements
The electronic spectra of the porphyrin and modified electrode were obtained
in a HP8453 UV-vis absorption spectrophotometer equipped with a HP89090A
Peltier, using 1 cm quartz cuvette.
Cyclic voltammetry (CV) and chronoamperometry were performed using a
PGSTAT20 AutoLab potentiostat (Eco Chemie, Netherlands) connected to a
computer controlled by the GPES software. An electrochemical cell with three
electrodes was used. An electrode of Ag/AgCl was used as a reference elec-
trode, a platinum wire as auxiliary electrode, and FTO as working electrode.
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Cysteine oxidation experiments were performed in Britton-Robson buffer (BR
buffer) solution pH 7.00, which was prepared as described in the literature.261
The CV of porphyrin in acetonitrile solution with tetrabutylammonium hex-
afluorophosphate (TBAPF6) as supporting electrolyte was obtained using an
electrochemical cell with three electrodes, with saturated calomel electrode as
reference electrode and Pt as auxiliary and working electrode.
7.3 Results and discussion
7.3.1 Electrochemistry of the porphyrin
The electrochemical behavior of the porphyrin was studied by cyclic voltam-
metry. The obtained voltammograms are shown in Figure 7.1. Based on the
voltammograms it is possible to attribute the wave at E0′ = 0.24 V vs Ag/AgCl
(0.2 V vs saturated calomel electrode, SCE) to the reduction of manganese(III)
to manganese(II).262 Moreover, the redox pair assigned to oxidation of the metal
is found at E0‘ = 0.42 V vs Ag/AgCl (0.38 V vs SCE). This assignment can be
confirmed by the analysis of the cyclic voltammogram in cathodic scan. When
the scan is started at 0.04 V vs Ag/AgCl (0.00 V vs SCE) and goes to 1.54 V vs
Ag/AgCl (1.50 V vs SCE), the redox pair is not observed, so the wave can be
attributed to manganese reduction.
In Figure 7.1, one can observe a quasi-reversible redox pair indicated by b
and b′ with E0′ at −1.03 V vs Ag/AgCl (−1.07 V vs SCE) assigned to the
reduction of porphyrin. The peak-to-peak displacement was 120 mV. A shift of
the reduction potential is observed in comparison with MnTPP(CH3CO2) (TPP
= meso-tetraphenylporphyrinato) in which the first reduction of porphyrin is
observed at −1.24 V vs Ag/AgCl (−1.28 V vs SCE)..263 This anodic shift can
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Figure 1 
 
Figure 7.1: Cyclic voltammograms of MnP in acetonitrile with 0.1 mol L−1 of TBAPF6, at scan rate of
50, 100 and 200 mV s−1.
be explained by the electron withdrawing effect of the fluorines present in H2P.
However, this shift is not observed the same behavior in the reduction of the
manganese(III).
7.3.2 UV-vis spectroscopy characterization
The ultraviolet-visible (UV-vis) absorption spectra of metalloporphyrins are
characterized by a sharp and intense band in 450-500 nm range usually called
Soret and a set over 500 nm called Q bands. MnP in dichloromethane solu-
tion present the former at 474 nm and the latter at 572 nm, whereas in MnP
modified electrode the Soret is broadened and blueshifted to 446 nm and the
coalesced Q bands shifted to 566 nm (Figure 7.2), thereby indicating the exis-
tence of electronic interactions between AuNP and MnP, which is in agreement
with Fratoddi et al.264 Moreover, the shift of the Q bands suggests axial coor-
dination of the manganese to the pyridyl moieties of the 4MPy-functionalized
gold surface. The plasmonic band of AuNP at 525 nm is not noticeble in the
spectra probably due to the large molar absorptivity coefficient of porphyrin
transitionsa.
aIn fact, molar absorptivities of citrate-stabilized AuNP are 107–109 L mol−1 cm−1,265 whereas the Soret band
of MnP is 105.42 This information suggests that the concentration of MnP is a few orders of magnitude higher than
the AuNP at the surface of the electrode. This note is not present in the original publication, because it was judged
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Figure 2 
 
Figure 7.2: Electronic spectra Uv-vis of MnP in CH2Cl2 solution (dashed line) and elec-
trode/AuNP/MnP (full line).
7.3.3 Cyclic voltammetry investigations
Oxidation studies of cysteine were performed at pH 7.00. Figure 7.3 com-
pares voltammograms of (A) clean FTO electrode, (B) FTO electrode modified
by AuNP, (C) FTO electrode modified by MnP and (D) FTO electrode modi-
fied by the hybrid AuNP/MnP system in buffer solution. The voltammograms
presented were recorded after stabilization of the film which occurred after 30
cycles.
The increase of the capacitive current in all electrodes are observed, but only
in modified electrodes by AuNP and by the hybrid AuNP/MnP system is possi-
ble to find an increase of current. This current is due to variation of the concen-
tration of Cys, which demonstrates the potential use of AuNP/MnP as sensor.266
In the FTO/AuNP electrode the signal observed is probably due to a reaction
between gold and the thiol group present in Cys.267 In the hybrid system the
signal value is enhanced due to the more effective electronic transfer from mod-
important after revision of this thesis.
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Figure 7.3: Cyclic voltammograms obtained at pH 7.00 using a rate scan of 0.05 V s−1 without addition
of cysteine (solid line) and with 0.24 mM of cysteine (dashed line) to electrodes: FTO (A) clean and
modified (B), AuNP (C) and MnP (D) AuNP/MnP. All voltammograms were recorded after 30 cycles.
ified surface and electrode surface. This comparison is shown in Figure 7.4. It
is possible to find the maximum current at 0.75 V vs Ag/AgCl (0.71 V vs SCE)
in different electrodes.
7.3.4 Analytical characterization
Based on results obtained in the cyclic voltammetry studies, it was confirmed
that the FTO/AuNP/MnP electrodes could be used in the electrocatalytical ox-
idation of L-cysteine. Moreover, the anodic peak current showed a maximum
at 0.75 V vs Ag/AgCl (0.71 V vs SCE) indicating that this potential should be
applied in an amperometric experiment in order to provide the maximum sen-
sitivity to the method. The chronoamperometric response of the electrode is
shown in Fig. 5. The current increment is linear in the concentration range of
12.2-33.6 µmol L−1 according to the equation:
∆i = 8.81× 10−1 + 0.027[Cys] µmol L−1 (7.1)
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Figure 4 
 Figure 7.4: Analytical curve of [Cys] vs current at scan rate of 0.05 V s−1. Clean electrode (squares)
modified with AuNP (down triangles), MnP (circles) and AuNP/MnP (up triangles).
The correlation coefficient obtained was 0.990 and the sensitivity was cal-
culated as 0.027 µAL µmol−1. The limit of detection (LOD) and the limit of
quantification obtained (LOQ) were 2.40 and 8.15 µmol L−1 respectively. Ta-
ble 7.1 shows other amperometric sensors for Cys, and the electrode of this
work was included for comparison purposes. The sensitivity and LOD of our
FTO/AuNP/MnP are similar to other modified electrodes, suggesting that this
system can be used to detect and quantify L-cystein. Other electrochemical tech-
niques such as differential pulse voltammetry used with GCE/graphene/AuNP-
based sensors provide lower LOD for L-cysteine.268 However, the preparation
of the active layer is more intricate and maybe more costly than the mix-and-
dry assembly procedure reported herein with materials with known synthetic
reproducibility.36–38, 269
7.4 Conclusions
The electrochemical behavior of the meso-tetrakis(pentafluorophenyl)por-
phyrinatomanganese(III) in an acetonitrile solution was studied by cyclic voltam-
metry and showed typical redox waves associated with manganese and por-
S. A. V. Jannuzzi, PhD Thesis
Chapter 7. Mn-porphyrin/Au nanoparticles for electrochemical detection of cysteine 154
  
 
16 
 
Figure 5 
 
 
Figure 7.5: Chronoamperometric response observed after successive additions of 4.98 mM Cys stock
solution in 0.1 mol L−1 BR buffer at pH 7.0 for FTO/AuNP/MnP. Inset: Typical calibration graph.
Applied potential: 0.75 V vs Ag/AgCl (0.71 V vs SCE).
Table 7.1: Comparison of the modified electrodes and materials for amperometric detection of cysteine.
Modified electrodes Eapl
a (V)
Supporting
electrolyteb
LOD
(µmol
L−1)
Sensitivity
nAL µmol−1
Linear
range
(µmol L−1)
Ref.
FTO/AuNP/MnP 0.75c BR buffer
pH 7.0
2.40 27.0 12–34 This
GC/MWCNT 0.30 PBS pH 5.0 5.40 3.00 10-500 270
B-doped diamond 0.85 PBS pH 7.5 5.70 30.7 – 271
Co(II)
salophen-modified
carbon paste
0.60d PBS pH 6.0 0.40 22.0 2–20 272
GNS/MnOx
modified GC
electrode (rotating
electrode)
0.65 Acetate
buffer pH
6.0
0.40 27.0 1–24 273
MWCNT/PEI 0.0 PBS pH 7.0 2.7 21.0 9–250 182
Nafion/Pb
nitroprusside NP
modified carbon
ceramic electrode
0.9e Acetate
buffer pH
4.0
0.46 168 1–67.2 274
a Applied potential. b BR = Britton-Robinson buffer. PBS = phosphate-buffer saline.
c vs Normal hydrogen electrode. d vs Ag/AgCl. e vs Saturated calomel electrode (SCE).
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phyrin processes. The assembly of the AuNP/MnP on the FTO electrode was
performed and verified using UV-vis spectroscopy, proving the FTO electrode
modification.
The modified electrodes were evaluated using cysteine as an electrochemical
probe. Best results were found for the hybrid AuNP/MnP system, evidencing
the synergism between manganese porphyrin and nanoparticles to afford an an-
alytical platform when assembled on FTO. The analytical determination of cys-
teine, showed linear response in the range 12.2-33.6 µmol L−1, with LOD and
LOQ equal to 2.40 and 8.15 µmol L−1, respectively. These results have shown
the efficiency of the assembled system toward the analyte. FTO electrode pro-
vides an inexpensive and easy-fabricated device for the electrochemical detec-
tion of cysteine.
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Chapter 8
Enzyme-like selectivity on
metalloporphyrin-catalyzed oxidation by a
linear homopolymer
The content of this chapter is an adaptation of the article entitled “Enzyme-
like selectivity on metalloporphyrin-catalyzed oxidation by a linear homopoly-
mer” by Sergio Augusto Venturinelli Jannuzzi, Eduardo Guimara˜es Ratier de
Arruda, Frederico Alves Lima, Marcos Antonio Ribeiro and Andre´ Luiz Bar-
boza Formiga submitted to Dalton Transactions in January 2016.
My contribution to this work was the synthesis, purification and characteri-
zation of the manganese porphyrin, design and execution of catalytic reactions,
potentiometric titration, collaboration to isothermal calorimetric titration, sam-
ple preparation and collaboration to data collection of X-ray absorption spec-
troscopy, and writing the draft for publication.
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8.1 Introduction
Nature’s ability to promote a wide range of chemical transformations with
unmatched selectivity has inspired chemists to design catalytic systems mim-
icking enzymes. The class of monooxygenases cytochome P450 (CYP450) for
example promotes enantio-, regio- and chemoselective oxidation in steroidal
hormone biosynthesis and also catalyzes unspecific oxidation of drugs and tox-
ins.46, 275, 276 Xenobiotic clearance is critical to evolution of living organisms, as
they have always been exposed to new and potentially harmful chemical agents.
Research on artificial enzymes can aid studies on how to mitigate the conse-
quences of polymorphism and on the development of new CYP450-dependent
pro-drugs, as reported for cyclophosphamide for example.277, 278
The understanding of these biological transformations was facilitated by
the use of Fe and Mn meso-tetraarylporphyrins as artificial models owing to
the similarity with the heme active site and the lack of the polypeptide chain.
They reproduce the same oxidation reactions carried out by the enzyme such
as aliphatic and aromatic hydroxylation, olefin epoxidation and N- and O-de-
alkylation, as demonstrated by extensive studies.45, 47, 214, 279–281 Additionally,
metalloporphyrins are versatile catalysts for synthetic organic chemistry with
growing application in alkyl C–H activation.220, 282, 283
Selectivity in natural enzymes is achieved by suitably orienting the sub-
strate via non-covalent interactions in the binding pocket. In order to mimic
this strategy, meso-aryl groups can be modified to append stericaly encum-
bered and chiral moieties. For this purpose, o-aminophenyl, o-hydroxyphenyl
or pentafluorphenyl groups were functionalized with docking sites such as β-
cyclodextrins,279, 284–292 crown ethers279 and cyclophanes.293, 294 Enantioselec-
tivity was induced by chiral bridges based on 1,1’-binaphtyl292, 295–297 and thre-
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itol.298 Attachment of a recognition site based on Kemp’s acid to a non-porphyrin
Mn complex resulted in a remarkable regioselective hydroxylation of ibuprofen
owing to hydrogen bonding with the remote acid motif.299, 300 The same moi-
ety was incorporated to an iron porphyrin at the expense of laborious synthetic
procedure.301
Natural CYP450s bear similar heme groups but different polypeptide chain
to afford selectivity. Hence, an alternative to chemical modification is the as-
sociation of a simple metalloporphyrin with designed synthetic macromole-
cules.45, 302 Flexible polymers with pending pyridyl or imidazoyl groups can,
unfortunately, hinder the metalloporphyrin activity by forming a bis-ligated
complex.303 Crosslinking reduces the conformational freedom and also attenu-
ates the catalyst self-oxidation, but the diffusivity of the substrate, products and
oxygen donor molecules is compromised on the other hand.304 Furthermore,
organic matrices can be oxidized in place of the desired substrate,304, 305 leading
to uncontrolled changes of the local microenvironment of the catalyst.
Few works describe the effect of linear polymers on catalytic performance of
metalloporphyrins in aqueous solution.251, 306–308 Water-soluble meso-tetrakis-
(N-methylpyridyl)porphyrinatoiron(III) was reported to interact electrostaticaly
with poly(sodium acrylate) and poly(sodium 4-styrenesulfonate) and also cova-
lently bonding to anionic functional groups.251 The active species in the de-
composition of t-butylhydroperoxide was still the known oxo-iron(IV) species,
but the reaction rate was markedly reduced by aggregation in the form of µ-
oxo clusters, whose formation was favoured by the concentration of iron por-
phyrin within the polymer coil. Dimerization also occurred with meso-tetra-
kis(4-sulfonatophenyl)-porphyrinatoiron(III) in micelles formed by several di-
block copolymers.309
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In general, four factors need to be balanced in order to exploit intermolecu-
lar interactions determining selectivity in polymer-assisted biomimetic cataly-
sis: (i) the macromolecular architecture regarding block copolymer, star-shaped
polymer and crosslinking degree, (ii) the structure of polymer-pendant func-
tional groups, (iii) catalytic performance of the model active site and (iv) solu-
bility. Considering this, our approach herein employs linear poly(sodium acry-
late) to mimic a synthetic polypeptide chain bearing carboxylic groups and
meso-tetrakis(pentafluorophenyl)porphyrinatomanganese(III), MnTPFPP, as ac-
tive site model. We investigated whether a covalent bond between the model ac-
tive site and the polypeptide model is mandatory to enhance selectivity. In this
work we specifically investigated if metalloporphyrin–polymer and polymer–
substrate interactions influence chemo- and regioselectivity of catalytic oxi-
dations, using cyclohexene and phenol as model substrates. Other polymers
like poly(styrene), poly(4-vinylpyridine and poly(sodium 4-styrenesulfonate)
were used in order to check if changing metalloporphyrin–polymer interactions
would lead to change chemo- or regioselectivity.
8.2 Experimental section
Manganese(II) acetate tetrahydrate (> 99.0%), pyrrole (98%), pentafluo-
robenzaldehyde (98%), boron trifluoride diethyl etherate (46-51%), 2,3-dichlo-
ro-5,6-dicyano-p-benzoquinone (98%), cyclohexene (>99.5%), cyclohexene ox-
ide (>99.5%), 4-ethylpyridine (98%), poly(sodium acrylate) Mw 8.0×103 g mol−1
(PAA, 45 wt-% in water), poly(styrene) Mw 2.8×105 g mol−1 (PS), poly(4-
vinylpyridine) Mw 1.6×105 g mol−1 (P4VP, 99%), poly(sodium 4-styrene sul-
fonate) Mw 1.0×106 g mol−1 (PSSNa), 1,2-benzenediol (>99), 1,4-benzenediol
(>99) and methoxybenzene (99%) were acquired from Sigma-Aldrich. Ethanol
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(99.5%), dichloromethane (99.5%), chloroform (99.8%), methanol (99.8%),
hydrogen peroxide (29%), toluene (99.5%), phenol (99.0%) and sodium hy-
droxide (99%) were purchased from Synth (Brazil). Neutral alumina activ-
ity I (70-290 mesh), phosphorous pentoxide (99%), 2-methoxyphenol (99%)
and potassium hydrogen phtalate (99.95%) were purchased from Vetec-Sigma
(Brazil). N,N-Dimethylformamide (DMF, 99.5%) and 1,4-benzoquinone (>98)
were purchased from Fluka. Sodium acetate (>98%) was acquired from Fis-
cher Scientific. 3-Chloroperoxybenzoic acid (mCPBA, 70-75%) was purchased
from Acros Organics. All reagents were used without further purification unless
noticed otherwise.
Dichloromethane was distilled from phosphorous pentoxide and stored over
4-A˚ molecular sieves. Pyrrole, cyclohexene, methoxybenzene, 2-methoxyphenol
were distilled under reduced pressure right before use. mCPBA was washed
with phosphate buffer solution of pH 7.4 and dried under reduced pressure until
constant weight. Around 40 mL of buffer was used for each gram of mCPBA.
8.2.1 Syntheses of the porphyrin (H2TPFPP) and its manganese complex
(MnTPFPP)
The synthesis and characterization of the free-base porphyrin and its man-
ganese(III) complex were described in Chapter 6.
8.2.2 Instrumentation
Electronic spectroscopy. Spectra in the region of ultraviolet-visible (UV-
vis) were acquired in a quartz cuvette with 10 mm optical path using a HP
Agilent 8453 diode array spectrophotometer, in the range of 200–1100 nm, at
25 °C regulated by a Peltier device.
S. A. V. Jannuzzi, PhD Thesis
Chapter 8. Catalysis by metalloporphyrin and polymers 161
8.2.3 Potentiometric titration
Titration of PAA in H2O/CH3CN 7/3 in mol was performed in a Titrino Plus
848 automatic titrator using a 0.0896 mol L−1 standardized NaOH solution in
the mixed solvent. Solvents were mixed while still hot to avoid CO2 dissolution.
Aliquotes of 10.00 mL of 0.046 wt-% (or 5×10−3 mol L−1 of repeating units) of
PAA solution in the mixed solvent were acidified to pH 3 with around 30 µl of
HCl 2 mol L−1, and titrated in triplicate. For control, aqueous solution of PAA
at similar concentration was titrated with 0.09116 mol L−1 standardized NaOH
aqueous solution.
As described elsewhere,310 the volume of NaOH solution necessary to neu-
tralize PAA was the difference between the two equivalent points ascribed to
HCl and PAA. In this interval, the dissociation degree as function of pH was
defined. See Supporting Information for details.
8.2.4 Isothermal titration calorimetry
A MicroCal VP-ITC (Northhampton, MA, USA) calorimeter interfaced with
Origin 7.0 software was used to obtain and treat all data. Phenol or methoxy-
benzene 1×10−3 mol L−1 solutions were loaded in a 270-µL automatic syringe
and aliquots of 10 µL were added in the reaction cell containing 1.43 mL of PAA
10×10−3 mol L−1 (0.09 wt-%) solution, at 25 °C. The solvent was H2O/CH3CN
7/3 in mol. The blank experiments were carried out without PAA and the dif-
ferences were taken as interaction enthalpy between each titrant and PAA.
8.2.5 X-ray absorption spectroscopy
Manganese K-edge X-ray Absorption Spectroscopy (XAS) data were col-
lected at the XDS beamline of the Brazilian Synchrotron Laboratory (CNPEM/
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LNLS) with the storage ring operating at 1.37 GeV and 250 mA. The incident
X-rays energy was set to the vicinity of the Mn K-edge (≈6.4 keV) by using a
double-crystal, fixed-exit monochromator (DCM) equipped with a Si(111) crys-
tal pair. A silicon-coated cylindrical mirror placed before the monochromator
and operating at 2.75 mrad incidence angle was used to vertically collimate the
X-ray beam and filter the contributions above about 11 keV. A second mirror,
with toroidal shape and rhodium coating, also operating at 2.75 mrad incidence
angle and placed after the monochromator, was used to focus the X-ray beam
to approximately 2.0×0.3 mm2 (vert.×hor.). Possible contamination from har-
monics contributions were checked and found to be negligible. The X-ray flux
at the sample position was estimated to be about 3×1012 photons per second.
The incoming X-ray energy was calibrated by measuring the transmission
K-edge XAS spectrum of a manganese foil and setting the maximum of the first
derivative to 6539 eV. The XAS spectra were detected in conventional trans-
mission (solid samples) and fluorescence (liquid samples) modes, using He/N2-
filled ion chambers and a 4-element SDD detector (Vortex-ME4), respectively.
The fluorescence signals were obtained by setting an integrating window of
about 170 eV around the Mn Kα emission lines, which was calibrated mea-
suring the fluorescence signal of a manganese foil at about 5.9 keV. The solid
samples were diluted in boron nitride in order to give a maximum absorbance
of about 1. They were pressed into circular pellets with 8 mm diameter and
approximately 1 mm thickness, which were held with polyimide adhesive tape
(Kapton) with about 40 µm thickness. The porphyrin/polymer solutions were
prepared so as to give a final Mn concentration of about 25×10−3 mol L−1. The
liquid samples were placed in homemade acrylic cells with 2 mm thickness,
holding 10 µL of solution each. The cells were sealed with the same type of
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polyimide adhesive tape used in the solid samples.
The XAS data were collected in the energy interval between 6370 eV and
6800 eV. The absorption edge for the manganese porphyrins is at about 6550
eV (see Figure C.5). Extended range XAS measurements (EXAFS) were not
attempted due to the low concentration of the porphyrin liquid samples. The
energy range used in the XAS measurements provided sufficient data in the
pre- and post-edge regions for efficient background subtraction and normaliza-
tion, however not sufficient for an EXAFS analysis. In the near edge region
(XANES) an energy stepping of 0.3 eV was used, with an integration time of 2
seconds/point. In general, between 6 to 14 individual XAS scans were collected
and averaged together to compose the signal presented here. All XAS measure-
ments were performed at room temperature. Potential radiation damage was
assessed by inspecting of the overall shape, intensity and energy position of
the spectral features in fast XANES scans, and also comparing the first and
last scans with the averaged spectra. No signs of spectral changes were found
during the XAS experiments. Background subtraction and normalization were
performed following standard protocols used in XAS data processing using the
ATHENA package.311 The XAS spectra were normalized such that the EXAFS
oscillations occur around one, above approximately 6650 eV.
Dried samples with PAA/Mn molar ratio equals 50 were prepared mixing
57.1 mL of MnTPFPP 5×10−3 mol L−1 in acetonitrile with 48.7 mL of PAA
solution of 1×10−4 mol L−1 of polymer repeating units in water. The solvent
was removed under reduced pressure until constant weight and red flakes were
scooped from the round-bottomed flask. Another sample was prepared similarly
using 49.7 mL of MnTPFPP 5×10−3 mol L−1 in methanol and 48.3 mL of PAA
1×10−4 mol L−1 in water.
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8.2.6 Catalytic assays
Catalytic oxidation reactions of cyclohexene, phenol and methoxyphenol
(anisole) were followed by gas chromatography-mass spectrometry (GC-MS)
using a gas chromatograph Agilent 7890A coupled with an Agilent 5975C
electron-ionization mass spectrometer with a quadrupole detector. The column
used was an Agilent HP-5MS of 30 m length, 0.25 mm diameter and 0.25 µm
of film thickness.
The reactions were carried out in triplicate with 1×10−4 mol L−1 of MnTPFPP
in 1.5-mL vial with rubber septum cap, immersed in a water bath thermally
stabilized at 25±1 °C, under magnetic stirring and they were analysed by GC-
MS. Each compound was added from a stock solution in water, acetonitrile or
dichloromethane using calibrated automatic micropipettes. The volume of pure
solvents added was calculated to result in 1.45 mL of total volume and solvent
composition mole ratio of 7/3 in H2O/CH3CN and CH2Cl2/CH3CN media.
Cyclohexene epoxidation
Catalytic epoxidation of cyclohexene in the presence of a polymer was car-
ried out in aprotic medium (CH2Cl2/CH3CN) with polystyrene (PS) and in pro-
tic medium (H2O/CH3CN) and with PAA. The molar proportion between sol-
vents was chosen to assure the solubility of the oxygen donor: aqueous H2O2
29%. In order to check the effect of the polymeric nature of PS and PAA,
the same experiments were repeated with monomeric analogues of the poly-
mer repeating units: toluene and sodium acetate, at the same concentration
of the polymer side chains. In order to check capacity of these additives to
promote the catalysis, the experiments were performed in the presence or in
the absence of 4-ethylpyridine (etpy), since the presence of N-heterocycles is
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known to enhance epoxidation rate by manganese porphyrins.223 The molar ra-
tio MnTPFPP/L/cyclohexene/H2O2 was 1/50/500/1335, with L being etpy, PS
or PAA side chain, NaOAc or toluene.
The following procedure was employed for analysis by GC-MS. Inlet tem-
perature: 200 °C. Injection volume: 0.3 µL. Split 500:1. Helium pressure:
8.8085 psi, at 1 mL min−1 flow rate. Oven initial temperature was 70 °C, held
for 0.2 min and then increased at 50 °C min−1 up to 185 °C. Auxiliary heater:
300 °C. Quantification was done based on standard curves for cyclohexene and
cyclohexene oxide.
Aromatic hydroxylation
Hydroxylation of phenol and methoxybenzene was carried out in H2O/CH3CN
using a freshly prepared acetonitrile solution of mCPBA as oxygen donor. The
effect of PAA on the reactivity was investigated adding it to the ratio of 50 mol
of polymer repeating unit per mol of MnTPFPP. This PAA/Mn ratio was in-
creased to 100 and to 200 either by increasing the concentration of PAA or by
decreasing the concentration of MnTPFPP. Simultaneously, the substrate/PAA
ratio also varied from 10 to 5 and 2.5, since MnTPFPP/Substrate/mCPBA mo-
lar ratio was kept constant to 1/500/600. Quantification was done by standard
curves for phenol, 1,2-dihydroxybenzene, 1,4-dihydroxybenzene, 1,4-benzo-
quinone, methoxybenzene and 2-methoxyphenol. The internal standards were
1,3-dibromobenzene and 1,2-dibromobenzene for reactions whose substrates
were phenol and methoxybenzene respectively. Aniline was also tested, but the
oxidation resulted in a dark non-volatile product probably polyaniline.
The following procedure was employed for analysis by CG-MS. Inlet tem-
perature: 260 °C. Injection volume: 0.3 µL. Split 500:1. Helium pressure:
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11.089 psi, at 1 mL min−1 flow rate. Oven initial temperature was 110 °C,
held for 0.2 min and then increased at 35 °C min−1 up to 215 °C. Auxiliary
heater: 300 °C. Pure solvent was injected between each injection of a catalytic
run in order to purge the column from mCPBA, granting the invariance of the
chromatogram baseline height.
8.3 Results and discussion
8.3.1 Catalytic assays
Our initial approach to unveil enzyme-like characteristics of metalloporphy-
rin-catalyzed oxidation in presence of unbound PAA was to investigate chemos-
electivity. Peracids are known oxidizing agents and a common preparation route
is the reaction of hydrogen peroxide with acetic acid.312, 313 PAA and H2O2
could potentially carry on unspecific oxidation, to which the effect of MnTPFPP
on the reaction products could be compared. The importance of the polymeric
nature was checked by substituting PAA by NaOAc in the same concentration as
of the polymer side chain. Moreover, the catalytic performance with these ad-
ditives was compared with reactions containing 4-ethylpyridine (etpy) because
N-heterocycles are known to enhance reaction rate.220, 223
The yield of cyclohexene epoxide is presented in Table 8.1. PAA itself can
oxidize cyclohexene with the same yield as in presence of MnTPFPP (entries #1
and #3). Substituting PAA by NaOAc the epoxide yield decreased about three
times (from #3 to #5). This is evidence that the local higher concentration of
carboxylates in the polymer coil might enhance the rate of formation of the ox-
idizing species, which cannot be achieved if the same quantity of carboxylates
groups were homogeneously distributed throughout the medium.
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The reaction carried out only with PAA and H2O2 produced acetamide, orig-
inated from hydrolysis of the acetonitrile (entry #1), with GC peak area approx-
imately as large as of the cyclohexene oxide. Also, traces of 2-cyclohexen-1-ol
and cyclohexenone were detected. On the other hand, reaction with MnTPFPP
yielded the epoxide as exclusive product, thus showing a prominent shift of the
chemoselectivity.
The role of carboxylic acids in olefin epoxidations catalyzed by Mn por-
phyrins with H2O2 was investigated by Banfi and coworkers.
314–316 They pro-
posed the mechanism passing by a Mn-bound acylperoxo intermediate that
dissociates to form high-valent Mn-oxo reactive intermediate. An equivalent
mechanism can take place if the carboxylic acid is PAA, as will be discussed
below. The change of the oxidizing species (alkylperacid in PAA to Mn-oxo in
MnTPFPP) can be the reason for the change in chemoselectivity.
Interestingly, 4-ethylpyridine had no effect on the yield. Pyridine and 4-
methylpyridine are crucial to allow cyclooctene epoxidation by MnTPFPP in
CH2Cl2 owing the electron-donor characteristic that stabilizes highly oxidized
Mn in high-valent Mn-oxo.223, 317 In the present case, this effect was absent
probably because electron donation is provided by solvent molecules (H2O and
CH3CN).
Besides chemoselective, an enzyme-catalyzed reaction is also regioselective.
Our approach to mimic this characteristic was to use phenol as substrate ex-
pecting that it can interact with the PAA side chain carboxylates and change the
preferred site of oxidation. In P450cam, our inspiring system, the regioselec-
tive hydroxylation of 5-exo position of camphor can be explained based on the
proper orientation of the substrate inside the enzyme binding pocket. Namely,
hydrogen bonding between substrate carbonyl and Tyr96 residue and the com-
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Table 8.1: Cyclohexene oxide yield produced by MnTPFPP and H2O2 with various additives.a
# Additive etpyb Epoxide yield (%)
1 PAA (no MnTPFPP) − 9.9 ± 0.6
2
PAA
+ 9 ± 3
3 − 12 ± 2
4
NaOAc
+ 2.9 ± 0.3
5 − 3.6 ± 0.5
6
none
+ 2.9 ± 0.4
7 − 0.4 ± 0.1
a MnTPFPP/additive/cyclohexene/H2O2 = 1/50/500/1335, 26.5 °C,
50 h, 1×10−4 mol L−1 of porphyrin in 1.45 mL of
H2O/CH3CN 7/3 in mol.
b + and − signs indicate the presence or absence of 4-ethylpyridine in
the same concentration as the additive.
plementary fit between substrate geminal dimethyl group and Val295 side chain
of the surrounding polypeptide chain.49
Phenol can be oxidized in the position ortho to give 1,2-dihydroxybenzene
(1a in Scheme 8.1) or in position para to produce 1,4-dihydroxybenzene (2a).
The product 2a can undergo 2-electron oxidation to afford 1,4-benzoquinone
(3),318 for this reason 2a and 3 were considered jointly as 1,4 dioxygenated
products. 1,2-Benzoquinone was not detected, as expected from another report
on phenol oxidation.319 Table 8.2 presents phenol conversion and quantification
of the regioselectivity in terms of molar ratio between 1,4 and 1,2 dioxygenated
products, i.e. [C(2a)+C(3)]/C(1a), with C(i) being molar concentration of i.
Pure mCPBA produced 3 selectively at low conversion (entry #1). This fact
indicate that 2a is formed and subsequently oxidized to 3 by the oxygen donor,
which was also observed by Meunier.318 mCPBA with PAA give preferably 1,4
products, but at even lower conversion (entry #2). The lower phenol conversion
is probably due to the consumption of mCPBA by PAA to form the peracid
derivative.
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Table 8.2: Results for aromatic oxidation.a
# Substrate MnTPFPP Additive Additive Conversion 1,4/1,2
(10−4 mol L−1) (10−4 mol L−1) (%) ratiob
1 0 0 – 11.3 ± 0.6 c
2 0 50 PAA 5 ± 3 29 ± 17
3 1 0 – 49 ± 3 9.6 ± 0.2
4 1 50 PAA 64 ± 3 11.5 ± 0.3
5 1 100 PAA 65 ± 1 13.5 ± 0.3
6 1 200 PAA 68 ± 2 16.2 ± 0.8
7 0.50 50 PAA 77 ± 4 12.5 ± 1.3
8 0.25 50 PAA 87 ± 3 17.4 ± 1.3
9 1 100 NaOAc 51 ± 2 13.1 ± 0.5
10 0 0 – 30 ± 3 1.1 ± 0.3
11 0 50 PAA 27 ± 3 2.6 ± 1.0
12 1 0 – 60 ± 1 5.9 ± 0.2
13 1 100 PAA 56 ± 3 7.0 ± 1.0
a MnTPFPP/substrate/mCPBA = 1/500/600, in 1.45 mL of H2O/CH3CN 7/3 in mol, 25.0 °C, 1 h.
b Molar ratio between dioxygenated products on the positions 1,4 (2 and 3) and 1,2 (1).
c 1,2-Dihydroxybenzene was not detected.
Figure 8.1: Reaction scheme of phenol and methoxybenzene oxidation.
The use of MnTPFPP without PAA (#3) increased the conversion to 49%
and already showed preferred formation of 2a and 3 over 1a. Phenol oxidation
using meso-tetra(p-chlorophenyl)porphyrinatoiron(III) chloride with H2O2 was
reported to have regioselectivity dependent on the solvent used,319 probably due
to solvent-substrate interactions. Interestingly, when PAA was included (#4) the
conversion raised to 64% and the regioselectivity increased by 20%.
The presence of PAA could in principle increase the pH because it is orig-
inally in the sodium salt form. Higher pH could favor phenol deprotonation
to phenoxide, which could be the reason for the increase of regioselectivity in-
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stead of the presence of the polymer. The medium H2O/CH3CN in 7/3 molar
ratio with PAA and mCPBA in the concentrations used in catalytic reactions has
pH of 4.46±0.04. This fact indicate that phenol is protonated since its pKa is
9.95 in water and 29.1 in acetonitrile.
Substitution of PAA by an equivalent amount of NaOAc (c.f. #5 and #9) at
the same conditions resulted in the same regioselectivity, probably because both
PAA and NaOAc is able to maintain the same nature of interactions with phenol.
Interestingly, the substitution resulted in the same conversion as without PAA
(c.f. #9 and #3). The fact that the carboxylate functional groups are covalently
bounded together is therefore relevant for higher conversions, as already noted
for the epoxidation reaction.
Next, we investigated how the ratio between PAA repeating units and Mn-
TPFPP affected the conversion phenol and the associated regioselectivity of its
oxidation. Conversion and regioselectivity could be dependent on (i) the ratio
or on (ii) the absolute concentrations of PAA and catalyst. In order to address
this issue, the PAA/catalyst ratio was raised to 100 and 200 either by increas-
ing the concentration of PAA (#5 and #6, relative to #4) or by decreasing the
concentration of MnTPFPP (#7 and #8). The conversion in #5 and #6 remained
constant, whereas in #7 and #8 it increased. Note that in entries #4-#8, the ratios
substrate/PAA and substrate/catalyst are the same. Hence, higher conversions in
#7 and #8 in comparison to #4-#6 are related to lower concentration of catalyst.
In the low concentration range the presence of the polymer coil may be able to
isolate the catalytic centers apart to prevent oxidative self-destruction and for-
mation of inactive µ-oxo dimer. This site-isolating effect was reported before
only for rigid polymeric supports with covalently bounded Mn porphyrin.306, 307
Although the conversion was dependent on the MnTPFPP concentration, the
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regioselectivity increased steadily with PAA/Mn ratio, not depending on the
absolute concentrations of each. The preference for 2a and 3 over 1a increased
approximately 75% comparing pure MnTPFPP-catalyzed reaction (#3) with the
one with PAA/Mn equals 200, regardless if the content of PAA increased (#6)
or MnTPFPP decreased (#8).
The increased preference for reaction in the para position suggested that
phenol could bind to the polymer presumably via hydrogen bond between its
hydroxyl group and COOH/COO−Na+ of the PAA chain and NaOAc, leaving
the furthest position of the hydroxyl group more likely to be attacked by Mn-oxo
porphyrin. In this sense, COOH/COO−Na+ could be acting as a binding groups,
similarly to the role of Tyr96 in P450cam, as depicted in Figure 8.2. Also, more
binding groups per substrate (or equivalently: more binding groups per catalyst)
imply higher density of interactions between chain and substrate. This could
induce a preferential alignment of the substrate relative to the approaching oxo
group, which that latter is reflected in regiolectivity.
In order to tackle this hypothesis, the binding between PAA and substrate
was hampered by substituting phenol by methoxybenzene. The oxidation pro-
duce 1b and 2b (see Figure 8.1) and regioselectivity is now defined as the ratio
C(2b)/C(1b), analogously to reaction with phenol. The effect of PAA on regios-
electivity shown in entries #12 and #13 of Table 8.2 was much less pronounced
than with phenol. Considering the standard deviation, the values in fact overlap.
This observation corroborates the hypothesis that regioselectivity is dictated by
intermolecular interaction between the substrate and a functional group near the
model of active site.
Furthermore, the conversion of methoxybenzene was not affected by the
presence of PAA (c.f. #12 and #13), whereas conversion of phenol increased
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Figure 8.2: Left: cartoon representing the crystal structure of the active site of P450cam containing the
substrate. Right: our proposed model to address regioselective oxidation owing to intermolecular inter-
actions between phenol and poly(acrylic acid) side chain. In both, the reaction occur in the furthermost
position of the substrate relative to the binding group.
(c.f. #3 and #5). This fact suggests (i) that phenol can accumulate within the
polymer coil more extensively than methoxybenzene. Since the oxygen-transfer
reaction is first order in relation to the substrate,53, 54 larger local concentration
leads to enhanced reaction rate and to enhanced conversion within the same
reaction time. An alternative explanation to phenol higher conversion is that
(ii) the existing hydrogen bonds between phenol and PAA favor higher reaction
rate because they align the substrate in a more effective way for the electrophilic
attack.
8.3.2 Probing intermolecular interactions
PAA–phenol and PAA–methoxybenzene interactions
The aromatic oxidation reactions were carried out with at least 3 times more
mCPBA than PAA, accounting for a pH around 4.5, as pointed above. The PAA
dissociation degree curve evaluated at this pH value corresponds to 3%, mean-
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ing that the chain is almost fully protonated. See Supplementary Information
for details. This condition can make the polymer coil a less hydrophilic re-
gion than the bulk solution, which has many ionic species. In addition to this
information, isothermal titration calorimetry was employed to investigate the
interaction between phenol and methoxybenzene with PAA.
Calorimetric titration of both phenol and methoxybenzene either over pure
solvent or over PAA solution is characterized by an endothermic process, as
evidenced by the positive value of heat in Figure 8.3a. It is indicative of en-
tropically driven process, which is usually associated with reorganization of the
solvation shell.320 The inclusion of PAA in methoxybenzene titration (empty
circles) turns the heat of process more positive, whereas for phenol (filled cir-
cles) it becomes less positive. The net heat (Figure 8.3b) of phenol is nega-
tive, showing that interaction with PAA is an exothermic process, whereas for
methoxybenzene the net process is still endothermic.
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Figure 8.3: Calorimetric titration curves at 25 °C of methoxybenzene and phenol as a function of the
molar ratio between the titrant and PAA repeating units. (a) Square symbols refers to titration over
solvent, whereas data shown in circles refers to titration are with PAA in 10×10−3 mol L−1 of repeating
units (0.09 wt-%). The solvent is H2O/CH3CN 7/3 in mol. (b) Interaction enthalpy given by subtraction
of blank data, for each titrant.
The endothermic overall process shown in Figure 8.3a indicate that both sub-
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strate molecules are desolvated in the presence of PAA, which can be associated
to migration to a less hydrophilic microenvironment of the nearly fully proto-
nated coil. If both substrates accumulate within the polymer coil, we would
expect the enhancement of the conversion of both due to increased local concen-
tration in the presence of PAA. However, this occurs only with phenol (compare
#3 and #5 with #12 and #13), indicating that the effect of concentration in within
the coil is not dominant. The exothermic interaction process between phenol
and PAA evidences hydrogen bonding formation, which is hindered if the in-
teracting molecule is methylated. This finding, together with the distinct effect
of PAA on regioselectivity of phenol and methoxybenzene oxidation, corrobo-
rate the hypothesis that binding between phenol and PAA side chains favours
reaction at the farthermost position of the ring.
Notably, phenol interaction becomes less negative as phenol-to-PAA repeat-
ing unit molar ratio increases, and reaches a plateau. It indicates that binding of
phenol to the macromolecule is occurring as the titration proceeds up to a point
where the interaction enthalpy is constant.
PAA–MnTPFPP interactions
Interaction between MnTPFPP and PAA in solution was evaluated by X-ray
and UV-vis spectroscopies. The near-edge features of the K-edge XAS spectra
provide a wealth of information about the electronic structure of materials, as
well as geometric information, e.g., site symmetry. Figure 8.4 shows the near-
edge region of the XAS spectra of MnTPFPP in different environments (solid
or in solution). The absorption edge energies herein is defined as the maxi-
mum of the first derivative of the XAS spectrum (Figure C.5). The pre-edge
features in K-egde XAS of 3d metals are usually attributed to transitions from
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the metal 1s orbital to valence metal-centered molecular orbitals, which gain
intensity via metal 4p and/or ligand 2p mixing.321–324 Metal-to-ligand charge-
transfer (MLCT) transitions are also often responsible for the XAS pre-edge
peaks.321, 323 Thus, the investigation of this region of the spectrum provides
detailed information about the electronic structure and the overall molecular
arrangement around the metal absorber.
The near-edge region Mn K-edge XAS of the solid metalloporphyrin (gray
line in Figure 8.4a) is characterized by a weak pre-edge peak and a relatively
structureless white line. The edge energy is 6550.2 eV. The XAS spectrum of
MnTPPd acquired in the same conditions as MnTPFPP showed edge energy of
6548.7 eV (see Figures S14 and S15). This value is consistent with 3+ oxidation
state of the metal in comparison to reported spectra.325, 326 The increase of 1.5
eV found in the fluorinated metalloporphyrin can be due to different structural
conformation or electron-withdrawing effect of -C6F5 groups. It is known that
nitrogen 1s ionization potential is 0.9 eV higher for TPFPP in comparison to
TPP,327 which corroborate the effect of the substituents on the metal electronic
density. Moreover, the oxidation state 3+ is also indicated by the crystallo-
graphic data discussed above.
The pre-edge peak is centered at 6540.5 eV and a width of about 1.6 eV.
The rising edge presents a subtle shoulder at 6547.1 eV, which is easily seen
in the derivatives (see arrow in Figure S15), and three broad features appear-
ing at 6552.0 eV, 6559.8 eV and 6565.5 eV. As stated previously, this pre-edge
feature arises predominantly from transitions to Mn 3d orbitals which became
dipole-allowed via oxygen/nitrogen (ligand) 2p mixing. A recent study using
Resonant Inelastic X-ray Scattering showed that the shoulder in the rising edge
dTPP is the dianion of meso-tetraphenylporphyrin.
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of K3[Mn(CN)6] at 6545.0 eV has a defined metal-to-ligand charge transfer
character, and does not arise from multiple electronic excitations.326 Simi-
larly, the subtle feature observed at 6547.1 eV in the XANES spectrum of solid
MnTPFPP can be due to MLCT transitions.
Upon dissolution in acetonitrile and/or a mixture of acetonitrile and water,
the XANES spectrum of MnTPFPP changes considerably. The overall appear-
ance of the spectrum is different, despite the energy position of most features
being the same as those of the solid sample. Given the sensitivity of XANES
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Figure 8.4: (a) Normalized Mn K-edge X-ray absorption spectra of MnTPFPP in different conditions.
Zoom in the (b) pre-edge and (c) white line absorptions.
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to both the electronic arrangement and geometric structure, this points to subtle
changes in both, however without major change in the total electronic density
on the manganese atom. The pre-edge of MnTPFPP in acetonitrile also presents
a pre-edge feature at 6541.0 eV, similarly to its solid form. However, this fea-
ture is now slightly wider (about 2 eV), indicating that another set of transi-
tions became allowed. On the other hand, the shoulder in the rising edge at
about 6547.1 eV is less pronounced and the absorption edge has the same value,
6550.2 eV. In the white line region the largest differences are observed between
solid MnTPFPP and its acetonitrile solution. The three features become better
defined and more pronounced, while also changing position slightly. They are
located at about 6553.8 eV, 6560.5 eV and 6566.0 eV, which represents a shift
of 1.8, 0.7 and 0.5 eV, respectively. This indicates that dissolution of MnTPFPP
in acetonitrile results in small geometric changes, likely due to the interaction of
the porphyrin with a solvation shell. This however, does not affect significantly
the electronic distribution since the pre-edge features of the solid and solution
MnTPFPP are rather similar.
Next, the MnTPFPP porphyrin was dissolved in H2O/CH3CN 7/3 solution
to resemble the catalytic medium. The resulting XAS spectrum displays the
very similar pattern as the one of the porphyrin in pure acetonitrile solution,
in particular the three pronounced features in the white line region are also
present. The pre-edge still presents a single peak, about 2 eV wide and centered
at 6541.0 eV. The rising edge has a much less pronounced shoulder located at
6547.2 eV and the absorption edge is at 6551.0 eV. This 0.8 eV increase in the
absorption edge value when compared to the pure acetonitrile solution indicates
that water is involved in a reorganization of the coordination sphere, decreasing
the effective electronic density in the manganese.
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Adding PAA to the acetonitrile/water solution of MnTPFPP resulted in a
XAS spectrum virtually identical to the one obtained from the sample without
the polymer. It still shows a single 2 eV wide pre-edge peak at 6541.0 eV, a
subtle shoulder in the rising edge 6547.1 eV and the three pronounced features
in the white line region. This is true regardless the amount of polymer added: a
large amount of polymer was added to the porphyrin/acetonitrile/water solution
until it became saturated and its XAS spectrum did not change. This obser-
vation was corroborated by UV-vis spectroscopy. The UV-vis spectrum of the
metalloporphyrin in equivalent conditions to the catalytic assays also remains
unchanged upon addition of PAA, as shown in Figure C.2. Based on these evi-
dences we show that interaction between PAA and metalloporphyrin in solution
was not detected, even though electrostatic interaction between MnTPFPP+ and
anionic carboxilates was expected.
Removal of the solvent induced changes in the XAS spectrum, as can be seen
in Figure C.4. The photoelectron scattering paths was affected as inferred by the
overall changes in the white line shape and intensity distribution. The pre-edge
peak became narrower and shifted to lower energy. The edge energy decreased
1.6 eV in comparison to the parent sample in H2O/CH3CN solution, being now
at 6550.4 eV. The sample dried from H2O/CH3CN solution was redissolved in
pure water and the UV-vis spectrum was acquired (Figure C.2 black line). It
showed the typical Soret and Q bands of the metalloporphyrin, in spite of wa-
ter being a solvent for PAA and not for the metalloporphyrin. Notably, these
bands were respectively 6 and 10 nm redshifted in comparison to the metallo-
porphyrin solution in H2O/CH3CN. Under such conditions, the spectroscopic
shifts suggests interaction between PAA and metalloporphyrin.
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8.3.3 Mechanistic insights
Even though binding between polymer and catalyst was not evident by XAS
or UV-Vis spectroscopy, the changes in reactivity were remarkable. This mo-
tivated us to pursue further investigations to assess (i) the increase in chemos-
electivity of cyclohexene epoxidation and (ii) the increased regioselectivity of
phenol oxidation.
Firstly, the cyclohexene epoxidation reaction carried out with PAA without
MnTPFPP (entry #1 of Table 8.1) suggests that PAA and H2O2 forms an alkyl
peracid due to the formation of cyclohexene epoxide and acetamide. These
two reactions are schematically represented as a and b in Figure 8.5a. When
MnTPFPP was present, only the epoxide was detected, indicating a change in
mechanism to form another oxidizing species, i.e., c is favoured over b. In
fact, Banfi and coworkers314–316 showed that small amounts of benzoic acid
added to a solution of Mn porphyrin having an N-heterocycle enhance the rate
of (Z)-cyclooctene epoxidation314 and alkane hydroxylations.315 They propose
the formation of an acylperoxo-manganese(III) intermediate, which dissociates
to reform the carboxylic acid and to produce the active oxidizing intermedi-
ate Mn-oxo (step d). Their proposition was based on what have been previ-
ously reported for reaction between metalloporphyrin and peracid.328 Owing to
the chemical similarity, an equivalent mechanism can take place with polymer-
pendant carboxylates of PAA.
The UV-Vis spectrum of MnTPFPP remains unchanged after 1 hour with
H2O2, even after adding cyclohexene or phenol (Figure 8.5b, black line). How-
ever, in the presence of PAA, a band around 400 nm was noted (Figure 8.5b, red
line), which can be attributed to Mn(IV)-oxo.328 Particularly for MnIV(O)TPFPP,
its characteristic band occurs in 412-428 nm range depending on the solvent,
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counterion and additives.42, 223–225
We can hypothesize that polymer-pendant alkylperacid reacts with the man-
ganese porphyrin to produce the high-valent oxo species, thus R in Figure 8.5a
represents the polymer chain. R is m-chlorophenyl when H2O2 is replaced by
mCPBA. This oxidant is known to produce the transient Mn(V)-oxo as well as
the less reactive and easily-detectable Mn(IV)-oxo species42, 53, 328 (steps d1 and
d2). Groves and coworkers also pointed that it is via acylperoxo-manganese(III)
intermediate.328 Accordingly, the Mn(IV)-oxo band at 413 nm was developed
immediately after mixing (Figure 8.5c, black line).
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Figure 8.5: (a) Proposed general mechanism, where S represents a substrate. (b) UV-vis spectra of
MnTPFPP after 1 hour of mixing it H2O2 (black line), and the same in presence of PAA (red). (c) UV-
vis spectra of MnTPFPP imediately after mixing it with mCPBA (black), and the same in presence of
PAA (red). Both spectra turned into that depicted in blue after addition of phenol. Concentrations in
10−3 mol L−1 were 0.01 for MnTPFPP, 1 for PAA, 13.35 for H2O2, 6 for mCPBA and 5 for phenol.
Solvent: H2O/CH3CN 7/3 in mol.
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The similarity with the spectrum obtained with H2O2 and PAA (c.f. black
lines in Figures 8.5c and 8.5b) indicate that in the case of cyclohexene epoxida-
tion, the polymer can be enhancing the formation of high-valent Mn(IV)-oxo,
which is formed from acylperoxo-manganese(III) species. In turn, it is formed
by polymer-pendant alkylperacid and MnTPFPP . Finally, the substrate con-
sumption (step f ) can proceed by reaction with Mn(V)-oxo species originated
either from heterolytic clevage of acylperoxo-manganese(III) or by dispropor-
tionation of Mn(IV)-oxo42 (step e).
Interestingly, the Mn(IV)-oxo band at 413 nm generated by mCPBA gains
intensity in the presence of PAA (Figure 8.5c, red line). It is suggestive that
PAA favours the formation of reactive high-valent oxo species also in reactions
with mCPBA. It can therefore be one of the reasons for the higher conversions
in phenol oxidation with PAA (entries #4 to #8 in Table 8.2) in comparison
to oxidation without the polymer (#3). Detailed kinetic studies are needed to
further investigate this observation, but it lies outside the scope of the present
work.
After addition of phenol, the UV-vis spectrum typical of MnTPFPP is ob-
served back again (Figure 8.5c, blue line), attesting that the catalyst was not
consumed during phenol oxidation the reaction. The robustness of the met-
alloporphyrin associated with PAA was also tested running a catalytic assay
increasing four-fold the mCPBA concentration as specified in entry #8 of Table
8.2, which resulted in complete consumption of phenol. On the other hand, with
addition of H2O2 the typical UV-vis spectrum of MnTPFPP was not observed
even 50 hours after mixing either phenol or cyclohexene, suggesting catalyst
degradation.
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8.3.4 Other polymers: PSSNa, PS and P4VP
Catalytic epoxidations were performed using other polymers in order to vary
the interactions with the metalloporphyrin and substrate and hence influence
the reactivity. Poly(sodium 4-styrenesulfonate) (PSSNa) was used to grant full
ionization of the polymer side chains. Poly(styrene) (PS) was chosen in order
to check the role of dispersion interactions. Poly(4-vinylpyridine) (P4VP) was
investigated in order to place a hydrogen bond acceptor site and to enhance
reactivity replacing 4-ethylpyridine. The molar feed ratio between MnTPFPP,
oxygen donor and cyclohexene; temperature and oxygen donor agent (H2O2)
were the same as previously described for cyclohexene epoxidation with PAA.
Test reactions with PSSNa in H2O/CH3CN 7/3 in mol produced epoxide ex-
clusively with yields as high as with PAA (around 10%), however with reaction
time of about 14 hours longer. Moreover, addition of 4-ethylpyridine in the
same molar concentration as PSSNa side chain had no effect in the yield of
epoxide formation. The invariance of yield with 4-ethylpyridine was similar to
what happened in the catalytic assays using PAA.
In the presence of PS in CH2Cl2/CH3CN 7/3 in mol and 4-ethylpyridine,
cyclohexene is quickly converted to epoxide within 6 h and the yield reaches
28±3% after 50 h of reaction. The yield was the same regardless if PS is re-
moved or replaced by toluene, as the monomeric analogue of PS chain. How-
ever, when 4-ethylpyridine is absent the epoxide yield is 0.71±0.04%, thus
showing that the N-heterocycle is actually decisive for catalysis and not PS
or toluene. Table C.2 exhibits additional details regarding product distribution.
These findings highlights the importance of species that act as bases in the sub-
strate conversion. As they can bind axially to Mn(III), they can donate electron
density to the metal, reduce its positive charge density and facilitate the loss of
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electrons to form Mn(V)-oxo reactive species. In our experiments with PAA,
the contrastingly little influence of 4-ethylpyridine indicates that the axial lig-
ands could be water and acetonitrile from the solvent.
Despite resembling a polymeric version of 4-ethylpyridine, the epoxida-
tion with P4VP in CH2Cl2 was hindered. Conversion reached 0.9% after 13
h of reaction. Similar results were obtained adding free 4-ethylpyridine to
the reaction medium at the same concentration as P4VP side chain. The at-
tempt to use CH2Cl2/CH3CN 7/3 as in the case of PS resulted in precipitation
of the polymer when H2O2 was added. Interestingly, association of a man-
ganese porphyrin to P4VP enhanced cyclohexene epoxidation rate, however in
a rather different system.306 In this case, Razenberg and coworkers covalently
bound the metalloporphyrin via meso aryl groups to pyridyl moieties of poly(4-
vinylpyridine-co-styrene), with 10% styrene, and used NaOCl as oxygen donor
agent in CH2Cl2/H2O biphasic medium.
In our system, when H2O2 was added to P4VP solution containing MnTPFPP,
the characteristic band in the UV-Vis spectrum of the polymer at 257 nm was
shifted to lower energies and increased intensity continually. This band is at-
tributed to the aromatic pyridyl group, and these changes suggest that the poly-
mer was being oxidized. N-oxidation could also occur with 4-ethylpyridine, but
owing to the higher local concentration of N-oxide groups within the polymer
coil, they may more likely form inert bis ligated metalloporphyrin causing loss
of catalytic activity.
Interestingly, MnTPFPP and P4VP in CH2Cl2 exhibited spectroscopic evi-
dences of coordination. The pre-edge features and white line region in the XAS
spectrum of the dried film (Figure C.4) were different from the ones observed
in the isolated metalloporphyrin. The pre-edge features became more intense
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and narrower, with a peak centered at about 6540.5 eV and 1.3 eV wide. The
white line was also more intense and displayed the same three features as in
solution of H2O and/or CH3CN (c.f. black line in Figure C.4e and pink or blue
in Figure C.4f). Figure C.3 shows UV-vis spectra of the metalloporphyrin and
P4VP. The bands at 429 nm relative to Mn(IV)-oxo species and the Q band at
560 nm shifted to 438 nm and 566 nm when P4VP is added. This shifts also
corroborate coordination.
These observations points to the importance of catalyst–polymer interac-
tions. They must neither be too weak nor too strong in order to let the metal
available to perform the catalytic activity.
8.4 Conclusions
The design of supramolecular catalyst usually involves a covalent bond be-
tween the active center and the auxiliary supramolecular structure. In the present
case of MnTPFPP and linear homopolymer poly(acrylic acid), no evidences of
interaction were found in solution. In spite of that, the presence of the polymer
changed the chemoselectivity of cyclohexene epoxidation and regioselectivity
of phenol oxidation. A strong bond linking these two structures is therefore not
mandatory to influence regioselectivity as long as the substrate is able to bind
the supramolecular directing structure by hydrogen bonds. Consequently, the
opposite region of the substrate becomes more likely exposed to the reactive
oxo group. Further, the increase of the molar ratio between PAA side chain
and MnTPFPP led to increase in regioselectivity, showing that number of site-
directing groups relative to the number of active site models is relevant.
The change in chemoselectivity of cyclohexene epoxidation and enhance-
ment of aromatic oxidation conversion are indicative of participation of the
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polymer side chain in the reaction mechanism. The effect can be either by for-
mation of an acylperoxo-Mn(III) species with H2O2 and PAA or by aiding O–O
bond cleavage of m-chlorobenzylperoxo-Mn(III). In general, the acylperoxo-
Mn(III) porphyrin is proposed as a common intermediate in both reactions,
which precedes the formation of the reactive high-valent Mn-oxo porphyrin.
The fact that the polymer carboxyl groups are covalently bounded together in-
creased the conversion in both reactions. It was probably due to higher local
concentration within the polymeric coil, in comparison to equimolar amount of
sodium acetate.
Among the investigated polymers, PAA showed the most interesting effects
on cyclohexene oxidation by the manganese porphyrin. The observations with
the other polymers indicated that PS may have weak intermolecular interactions
with the metalloporphyrin, that are not able influence the catalytic reaction. On
the other hand, P4VP (or its N-oxide derivative) may produce inert coordination
bonds with the catalyst that hinders catalytic action. The effect of PSSNa was
similar to PAA, but the epoxide was produced at a much lower rate. This could
be due to higher density of electrostatic interactions with the metalloporphyrin.
Our findings demonstrate that a system composed by an active site model and
a simple and unbound model of peptide chain can exhibits reactivity features
resembling a natural enzyme. The nature and the intensity of the intermolecu-
lar interaction in the triad active site–supramolecular directing agent–substrate
must be carefully designed in order to induce catalytic activity and selectivity.
Considering the simplicity of the reported approach, one may carry out system-
atic investigations of such interactions by designing more complex structures,
in order to mimic biologically relevant transformations using synthetic building
blocks.
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Chapter 9
Spin-state energetics and oxyl character of
Mn-oxo porphyrins by
multiconfigurational ab initio calculations:
implications on reactivity
The content of this chapter is an adaptation of the article entitled “Spin-
state energetics and oxyl character of Mn-oxo porphyrins by multiconfigura-
tional ab initio calculations: implications on reactivity” by Sergio Augusto
Venturinelli Jannuzzi, Quan Manh Phung, Alex Domingo Toro, Andre´ Luiz
Barboza Formiga and Kristine Pierloot accepted for publication in Inorganic
Chemistry on February 8th, 2016.
My contribution to this work was geometry optimization by DFT/UPBE0,
CASPT2 and RASPT2 calculations, DFT benchmarking with different func-
tionals, data analysis, discussion, writing and revision.
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9.1 Introduction
Both iron- and manganese-oxo species play an important catalytic role in
biological processes involving oxygen activation and transfer. The cytochrome
P450s are a multifunctional family of proteins that are highly specialized in
effective oxygen transfer to organic substrates.58, 60, 329, 330 The oxygen atom
transfer (OAT) reaction involves the so-called Compound I, a high-valent iron-
oxo porphyrin with a strong oxidant character. Manganese-oxo species have
a key role in oxygen transfer reactions in biological systems as well, e.g. in
the oxidation of water to molecular oxygen in photosystem II.331 Inspired by
the successful catalytic role of these bioinorganic species in living organisms,
iron porphyrins and their manganese counterparts have been extensively studied
as suitable catalysts for in vitro oxidation reactions, and synthetic analogues
have been developed that are able to reproduce most OAT reactions observed in
natural enzymes.45–47, 214, 332
The high-valent Mn complex responsible for OAT has been characterized ex-
perimentally as a diamagnetic manganese(V)-oxo porphyrin species
(MnVOP).53, 54, 333 In alkaline conditions this complex shows a remarkable sta-
bility, which was attributed to its low-spin (S=0) d2 ground state char-
acter.62, 328, 333, 334 Such a ground state electronic structure was confirmed by cal-
culations based on Density Functional Theory (DFT) employing pure general-
ized gradient functionals (GGA).,57, 61, 335 from which it was also concluded that
the reason behind the inertness towards OAT of this singlet (MnVOP) species is
the absence of significant oxyl character in the Mn–O axial oxygen.57, 335
A qualitative molecular orbital (MO) diagram of MnVOP is provided in Fig-
ure 9.1. In the ground state the Mn(3d2) center has its two 3d electrons paired
in one non-bonding 3d-like MO (3dδ). The Mn–O σ bond is formed from bond-
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Figure 9.1: Electronic structure of low-lying states of Mn-oxo porphyrins considered in this work. MnV
d2 states have both porphyrin pi a2u and pi a1u orbitals doubly occupied. One set of three MnIV d3 states
has pi a2u singly occupied and the second set of MnIV states has pi a1u singly occupied, making a total of
eight states.
ing/antibonding combinations of Mn dz2 and O pz (σz, σ∗z ) whereas a double pi
bond is formed from bonding/antibonding MO pairs between Mn (dxz, dyz) and
O (px,py). Of these six MOs, the three bonding combinations σz, (pixz, piyz) (not
shown in Figure 9.1) are doubly occupied, whereas the corresponding antibond-
ing orbitals σ∗z ,(pi
∗
xz, pi
∗
yz) remain empty. This gives rise to a very strong (triple)
Mn–O bond, which is short and kinetically stable, and lacks oxygen radical
character. As proposed by Jin and Groves333 release of oxygen from MnVOP+
should therefore rather proceed via thermally accessible reactive high-spin (HS,
triplet or quintet) state(s), by transfer of one or two electrons from either 3dδ
or a porphyrin pi orbital (or both, see Figure 9.1) into the (pi∗xz, pi
∗
yz) orbitals,
thus weakening the Mn–O bond and enhancing its oxyl character. The fact that
multiple low-lying states may be involved in and affect the reactivity of OAT
ractions is of course not unprecedented, and has been extensively illustrated by
Shaik et al. for cytochrome P450 enzymes.58
If OAT by MnVOP is triggered by transition to low-lying HS states, then
reactivity is dependent on the relative energy of such states with respect to the
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singlet ground state. This opens the way to control the oxygen transfer by exter-
nal stimuli. The catalytic activity of such complexes could be not only defined
upon synthesis, by creating their molecular structure, but also fine tuned in the
reacting environment. A nice illustration of this was provided in a study of
Eisenstein et al., based on DFT/BP86 calculations.57, 335 Here, a rationalization
was provided for the role played by the environmental pH on the OAT reactiv-
ity of MnVOP, highlighting the effect of ligand coordination trans to the Mn-O
bond on the energy gap between the singlet and the lowest HS states. In alkaline
conditions, the trans ligand is OH−, whereas a decrease in pH will favour co-
ordination of H2O instead. With DFT/BP86, substitution of OH− by H2O gives
rise to a stabilization of the lowest quintet state from 22.4 to 12.1 kcal mol−1
and of the triplet state from 9.2 to 4.7 kcal mol−1, thus making at least the latter
state thermally accessible. As such, lowering the pH should, by protonating
the OH− ligand, turn an inert singlet MnVOP into a catalytically active species,
conform with the experimentally observed increase of the OAT rate constant
with increasing acidity.61, 62
Although the above example clearly illustrates the power of DFT for the
description and rationalization of these important bio-inorganic catalytic pro-
cesses, DFT failures associated with the description of relative energies of dif-
ferent metal oxidation and spin states, and their functional dependence in par-
ticular, have also been amply illustrated in the literature.63, 336–338 In the specific
case of manganese-oxo porphyrins, two previous DFT studies indicated that the
popular B3LYP functional fails to reproduce the diamagnetic ground state of
e.g. the MnO(P)+ complex with a H2O axial ligand, which is rather predicted to
be a (strongly spin contaminated) MnVOP+ triplet state64 or a MnIVOP•+ quin-
tet state65 (see Figure 9.1) The S=0 state, i.e. the experimentally observed and
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theoretically predicted ground state with BP86, is found with B3LYP at 9.7–
13.2 kcal mol−1 above the ground state. The inferior behaviour of B3LYP for
this particular case is striking in the sense that the same functional has been ex-
tensively used with considerable success for the description of the full catalytic
cycle of cytochrome P450.58 In a previous benchmarking study on iron-oxo
porphyrins FeOP+ and FeOPCl we found that B3LYP can provide a reasonable
description of the relative spin state energetics of different low-lying FeIVOP•+
states, but is much less accurate in describing electron transfer between the
metal and the porphyrin.56 Another painful area in the behavior of DFT for
these high valent manganese-oxo systems concerns the functional dependence
in the prediction of oxyl radical character, which is a crucial factor for oxida-
tive activity. Hybrid and non-hybrid functionals were found to provide com-
pletely different descriptions of the spin density distribution in the manganese
oxo bond, thus also giving very different qualitative descriptions of the oxida-
tion reactivity.64 On the whole, it is clear that benchmarking of available DFT
functionals against high-level correlated methods is necessary to establish the
optimal functional and estimate the error bars, before any quantitative results
may be obtained from DFT regarding the description of the actual reactions
with different substrates.
In the present study we aim to provide a quantitative description of the rel-
ative energies of low-lying electromeric states in two model systems, Mn-oxo
porphyrinato (MnO(P)+) and meso-tetrafluoroporphyrinato (MnO(PF4)+), by
means of the multiconfigurational ab initio methods CASPT2 (complete active
space second-order perturbation theory)91 and its generalization to RASPT2 (re-
stricted active space second-order perturbation theory),89 which have already
been extensively used on other heme and heme-related complexes.55, 56, 338–340
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The oxyl character of the Mn–O bond in each of the calculated states will be
assessed by an analysis of the multiconfigurational wave function and the asso-
ciated spin density distribution. The results are used to benchmark the excited
state energetics and spin density obtained from an extensive series of available
DFT functionals. This benchmark will be useful for future investigations of the
reactivity of larger systems based on Mn-oxo porphyrins, which might be too
demanding for the CASPT2/RASPT2 methods. Our study includes all possible
low-lying electromeric states in both molecules, that is the MnV d2 singlet and
triplet states, and the quintet, triplet, and singlet MnIV states with either one of
the HOMO pi orbitals of the porphyrin, a1u or a2u (where we use the familiar
D4h notation) singly occupied.
9.2 Computational Details
9.2.1 Structure optimizations
For each electronic state, a full structure optimization was performed in vac-
uum, making use of DFT calculations with the PBE0 functional,341–343 and em-
ploying def2-TZVP basis sets.344 The choice of the PBE0 functional was based
on our previous experience with similar complexes (i.e. manganese-oxo cor-
roles and corrolazines).340 The calculations were performed making use of the
unrestricted DFT approach. For the MnV singlet ground state this resulted in
a pure (S=0) restricted solution, whereas the MnV triplet state was found to be
excessively spin contaminated. The spin contamination is related to the strong
diradical character of the Mn–O bond in this triplet state (further discussed be-
low) giving rise to an exceptionally large Mn–O bond distance in the UPBE0
structure (see Table D.1 and Figure D.1a). In order to circumvent this problem,
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the structure of the MnV (S=1) state was instead obtained with ROPBE0. Ge-
ometry optimizations for the MnIV quintet and triplet states of MnO(P)+ were
also performed with ROPBE0. However, since the ROPBE0 and UPBE0 struc-
tures for these states were found to be close, the UPBE0 structures were used
in further calculations of the spin state energetics, as described below. The
UPBE0 calculations are performed with the TURBOMOLE v6.4 package,345
whereas for the ROPBE0 structure calculations we used the MOLPRO v2012
package.346
The geometry optimizations are performed under the C2v symmetry point
group. The character of the stationary points on the potential energy surface
was verified by frequency calculations. The maximum symmetry that could
be displayed by both MnO(P)+ and MnO(PF4)+ is C4v. However, most of the
calculated structures showed a distortion to C2v, either with a ruffled (with the
σv planes between the N–Mn–N bond) or saddled (with the σv planes contain-
ing the Mn–N bonds) porphyrin core. Both ruffled and saddled C2v structures
were optimized for all states. The lowest energy structures are reported in the
Appendix D (Table D.1). For the triplet and open-shell singlet states, contain-
ing one electron in the Mn–O pi∗ shell, the parent state in C4v symmetry is
3,1E, and the distortion to C2v is (first-order) Jahn-Teller driven. Two equivalent
distortions are possible, giving rise to a 3B1 and 3B2 state in C2v. As both en-
ergy minima are equi-energetic, only the 3B1 state is reported. The structures
of the quintet states, 5A1(MnIVO(L•a1u)+) and 5A2(MnIVO(L•a2u)+) (with L =
P or PF4) do reveal C4v symmetry. However, the closed-shell MnV 1A1 state
is found to be quite strongly distorted. For the two MnV states, 1A1 and 3B1,
we obtained ruffled structures, while the MnIV 3,1B1 structures are saddled. It
should be noted though that for MnO(P)+ the reported C2v structures of the
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MnIVO(P•a2u)+ states are not structural minima. They have one imaginary fre-
quency that lowers their symmetry to C2. Following the path connected to the
imaginary frequency leads to the lower-lying MnIVO(P•a1u)+ states. As such,
at the DFT level the MnIVO(P•a2u)+ states are in fact transition states connect-
ing two MnIVO(P•a1u)+ minima. An overview of the different states and their
(dominant) configuration is provided in Table 9.1.
Mn(3dδ)a P(pia1u) P(pia2u) pi∗xz pi
∗
yz
1MnVO(L) 1A1 ↑↓ ↑↓ ↑↓
3MnVO(L) 3B1 ↑ ↑↓ ↑↓ ↑
5MnIVO(L•a2u) 5A2 ↑ ↑↓ ↑ ↑ ↑
3MnIVO(L•a2u) 3B1 ↑↓ ↑↓ ↑ ↑
1MnIVO(L•a2u) 1B1 b ↑↓ ↑↓ ↓ ↑
5MnIVO(L•a1u) 5A2 ↑ ↑ ↑↓ ↑ ↑
3MnIVO(L•a1u) 3B1 ↑↓ ↑ ↑↓ ↑
1MnIVO(L•a1u) 1B1 b ↑↓ ↓ ↑↓ ↑
a 3dδ denotes the non-bonding MO localized on Mn, whose main character is
Mn(3dx2-y2 ) or Mn(3dxy) depending on the molecular symmetry.
b This is the single determinant calculated by UDFT, which is in fact an equal
mixture of 1B1 and 3B1. In the CASSCF and RASSCF calculations the pure
1B1 wave function is calculated instead.
Table 9.1: Dominant electronic configuration of relevant states investigated for MnO(L)+, with L=P,PF4.
For the lowest lying states, i.e. the MnV 1A1 and MnV 3B1 states of both com-
plexes, as well as the MnIV 5A2(a2u) state of MnO(PF4)+, the Mn–O distance
was also optimized at the CASPT2 level. To this end, partially constrained
structure optimizations were performed with PBE0 (UDFT for 1A1 and 5A2,
RODFT for 3B1), for Mn–O distances ranging between 1.4 and 2.0 A˚. For each
of the structures, single-point CASPT2 calculations were performed to obtain
the CASPT2 Mn–O dissociation curves. The CASPT2 calculations were carried
out according to the description given below, and including solvent effects.
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9.2.2 Calculations of spin state energetics
The resulting DFT/PBE0 structures are used in two subsequent stages of
this study (i) estimation of the spin state energetics of the complexes through
CASPT2 and RASPT2 electronic structure calculations and (ii) benchmarking a
set of DFT functionals against the spin state energetics obtained at the RASPT2
level.
CASPT2 and RASPT2 calculations
Single point CASSCF/CASPT291 and RASSCF/RASPT289 calculations us-
ing the DFT/ PBE0 molecular structures were performed with the MOLCAS
7.9 package.347 We use a basis set of the ANO-RCC348, 349 type contracted to
[7s6p5d2f2g1h] for Mn; [4s3p2d1f] for C, N, O and F; and [3s1p] for H.350
Scalar-relativistic effects are treated by means of the second-order Douglas-
Kroll-Hess Hamiltonian.351 The two-electron integrals are decomposed by means
of the Cholesky technique with a threshold of 10−6 hartree.352 Solvation effects
are introduced in the model through a polarizable continuum model (PCM)353
with a dielectric constant of 53.54 that corresponds to a mixture of water and
acetonitrile.354 All CASPT2 and RASPT2 calculations use the standard IPEA
shift value of 0.25 hartree for the zero-order second-order Hamiltonian355 and
an imaginary level shift356 of 0.1 hartree to prevent weak intruder states. All
valence electrons as well as the metal (3s,3p) semi-core electrons are correlated
at the CASPT2 and RASPT2 levels.
The active space is chosen based on established procedures for transition
metal compounds.87, 88, 357 We define a complete active space of 14 electrons
in 16 to 18 orbitals, denoted as CAS(14,N) with N = 16, 17 or 18. In all
cases, the CAS takes into account the static correlation of the Mn 3d shell,
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the covalency of the Mn–O bond and the σ-donation from the porphyrin by
including the following four pairs of bonding/antibonding MOs, Mn(3dz2)–
O(2pz) (σz,σ∗z), Mn(3dxz)–O(2px) (pixz,pi
∗
xz), Mn(3dyz)–O(2py) (piyz,pi
∗
yz) and
Mn(3dxy)–P(σxy) (σxy,σ∗xy); as well as the remaining non-bonding Mn(3dδ) or-
bital. Additionally, the active space also includes a set of four pi MOs localized
on the porphyrin to allow the electron transition between Mn and the porphyri-
nato ligand. This is the so-called Gouterman set and comprises the two high-
lying occupied pi orbitals P(pi a1u) and P(pi a2u), and the correlating P(pi∗ eg)
orbitals. Finally, we incorporate the double-shell effect of both Mn and O by
adding the O(3px) and O(3py) orbitals plus a maximum of three Mn(4d) MOs,
namely 4dδ, 4dxz and 4dyz. The variable size of the CAS depends on the mag-
nitude of the double shell effect on the metal centre, which is proportional to
the occupation of the Mn(3d)-like MOs and hence, is affected by the spin and
oxidation state of Mn. The 1MnVO(L) singlet state is described with the smaller
CAS(14,16) and has virtual 4dxz and 4dyz MOs as both pi∗xz and pi
∗
yz are unoc-
cupied. The states 3MnVO(L) and 1,3MnIVO(L•) that have a larger number of
open shells require a larger CAS(14,17) and the quintets 5MnIVO(L•) use the
largest CAS(14,18) with both 4dxz and 4dyz MOs active. The active orbitals are
displayed in Figure 9.2.
Previous studies on the low-lying states of iron-oxo porphyrins56 and manga-
nese-oxo corroles and corrolazines340 show that more porphyrin pi/pi∗ active or-
bitals are needed to obtain an accurate description of the spin-states with a rad-
ical porphyrin. Thus, we built a restricted active space (RAS) with 28 electrons
in 28 to 30 orbitals (Figure 9.2) that expands the CAS(14,N) with a selection of
additional P(pi) and P(pi∗) orbitals. The resulting RAS contains all P(pi)/P(pi∗)
orbitals except four pairs localized on the eight pyrrole β carbons. The RAS is
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divided in three sub-spaces (RAS1, RAS2 and RAS3) and capacitates us to work
with such large amount of active orbitals by limiting the number of excitations
allowed between the sub-spaces. The molecular orbitals are optimized with a
RAS2 sub-space including three pairs of bonding/antibonding Mn(3d)–O(2p)
orbitals (i.e. σz, σ∗z , pixz, pi
∗
xz, piyz and pi
∗
yz) and all remaining singly occupied
orbitals. As we discussed in a previous study,90 the accuracy of RASPT2 on
transition metal complexes is increased by including the bonding/antibonding
metal–ligand combinations in the same RAS sub-space, as otherwise the cou-
pling element between these two orbitals in the Fock matrix would be neglected
in the RASPT2 treatment. The active orbitals nearly doubly occupied are kept
in RAS1 and the nearly unoccupied are in RAS3, allowing up to double exci-
tations out of RAS1 and into RAS3 sub-spaces. In a second calculation, the
RAS2 sub-space was further extended with the bonding/antibonding σxy and
σ∗xy orbitals. However, this gives rise to a very large number of configurations,
rendering any further optimization of the orbitals prohibitive. Therefore, only
the optimization of the CI coefficients was done in this second step, again al-
lowing up to double excitations out of RAS1 and into RAS3.
DFT calculations
For MnO(P)+ a benchmark study was performed of the relative energies of
the different electromeric states obtained from different DFT functionals. To
this end, single point calculations were performed making use of the structures
obtained from PBE0 (see above). We tested a broad range of functionals cover-
ing members of the hybrid and non-hybrid families. Those include pure GGAs
(PBE,341, 342, 358, 359 BLYP,358–360 BP86,358, 359, 361–363 B97-D,364 OLYP,360, 365 M06-
L77), hybrid GGAs (PBE0,341–343 B3LYP,358, 359, 361, 362, 366 B3LYP*,367 M0676
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P(pia2u) P(pia1u) σxy σ∗xy 3dδ 4dδ
σz σ
∗
z pixz piyz pi
∗
xz pi
∗
yz
P(pi∗eg) O(3px) O(3py) 4dxz 4dyz
P(pieg) P(pi∗eg) P(pieg)
P(pia2u) P(pi∗a2u) P(pib2u) P(pi∗b2u) P(pib1u) P(pi∗b1u)
Figure 9.2: Plot of active orbitals at ±0.04 e a.u.−3 contour values.
and M06-2X76), a meta-GGA (TPSS341, 358, 359, 368), a hybrid meta-GGA
(TPSSh341, 358, 359, 368, 369) and a double-hybrid (B2-PLYP370). We employed the
def2-QZVPP basis set for Mn and def2-TZVPP for all other atoms, as well
as dispersion corrections according to the DFT-D3 approach.371 These calcu-
lations were performed using TURBOMOLE v6.4345 and GAUSSIAN 09,372
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depending on the availability of functionals.
9.3 Results and Discussion
9.3.1 Spin State Energetics
Results from multiconfigurational perturbation theory
The relative (adiabatic) energies obtained from CASPT2 and RASPT2 for
the different electromeric states of MnO(P)+ and MnO(PF4)+ are shown in Ta-
ble 9.2. Both methods predict a closed-shell MnV 1A1 ground state for both
compounds, in accordance with the experimentally observed diamagnetic char-
acter of manganese oxo porphyrins with different substituents.53, 54, 333 The short
Mn–O bond of this state, lacking oxyl character, prevents catalytic activity in
OAT reactions. Therefore, reactivity has to rely instead on the presence of low-
lying states with higher spin multiplicity, containing one or more electrons in
the antibonding Mn–O pi∗xz,pi
∗
yz orbitals.
57, 333 One possibility is the MnV 3B1
state, which is calculated at 3.9–5.6 kcal mol−1 above the ground state. An-
other possibility might be a low-lying MnIV state containing a hole in one of
the HOMO, porphyrin pi orbitals of either a1u or a2u type. As Table 9.2 shows,
the lowest MnIV state is always a quintet state, 5A1 or 5A2, containing two
single Mn–O pi∗ electrons, originating from a porphyrin pi and the Mn 3dδ or-
bital. These observations are in accordance with the results from previous DFT
studies,57, 61, 64, 65, 335 although the relative energies of the different electromeric
states reported from these studies are strongly dependent on the applied func-
tional (see also the next section).
Let us then compare the results obtained from CASPT2 and RASPT2. An
essential difference between both methods is that in CASPT2 only the four fron-
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Table 9.2: Relative energies in kcal mol−1 of the electronic states of MnO(L)+ with L = P and PF4, with
respect to the MnV 1A1 state.
MnVO(L)+ MnIVO(L• a2u)+ MnIVO(L• a1u)+
L medium 3B1 5A2 3B1 1B1 5A1 3B1 1B1
P
CASPT2
vacuum 3.9 13.0 15.8 14.0 20.8 22.8 21.3
solvent 3.0 6.7 13.1 11.3 14.8 20.4 19.0
RASPT2
vacuum 5.6 18.3 21.9 21.9 19.5 22.0 22.1
solvent 4.5 11.7 18.9 18.9 13.3 19.5 19.6
PF4
CASPT2 solvent 4.0 -0.9 3.8 2.1 21.1 24.9 23.4
RASPT2 solvent 5.4 3.7 9.4 9.5 19.9 25.1 25.3
tier P(pi) orbitals on the porphyrin (the Gouterman set) are included in the ac-
tive space, while in RASPT2 the active space is further extended to 16 por-
phyrin pi orbitals. The relative energies of states belonging to the same group
in Table 9.2 such as MnV 3B1–1A1, MnIVO(L•a1u) 3B1–5A1 or MnIVO(L•a2u)
3B1–5A2, differ by 2 kcal mol−1 or less between both methods. The reason is
that these states only differ in the electronic distribution in the metal 3d shell.
Conversely, comparing states belonging to different groups reveals much more
pronounced differences. In particular, we find that the relative energies obtained
from RASPT2 for MnIV states containing an a2u hole are considerably higher
than the corresponding CASPT2 energies, while on the other hand the energies
of the a1u type radical states are quite similar. For MnO(P)+, RASPT2 predicts
both types of porphyrin radical states to be nearly degenerate, which is to be
expected, as they involve an excitation out of the two HOMOs a1u or a2u that
are very close-lying in the metal-free porphyrin ligand. As we will see in the
next section (Table 9.3), the near-degeneracy is also corroborated by DFT (with
different functionals). Previous DFT studies on substituted metalloporphyrins
have also indicated that a1u or a2u porphyrin radical states should remain very
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close in energy as long as they bear similar meso and beta substituents.373–375
With CASPT2 the description of the relative energy of electromeric states with
a different distribution of electrons in the porphyrin P(pi) shells is unbalanced,
because the number of P(pi) orbitals in the active space (only four) is too lim-
ited to fully capture the relaxation effects in the porphyrin pi system. This was
already shown previously in CASPT2/RASPT2 studies of the spin state energet-
ics in other metal heme systems,56, 90, 340 and is discussed in detail in ref. 90 (see
Fig. 3 of that paper). With 16 P(pi) orbitals, RASPT2 gives a more balanced
treatment, and it was also shown previously that further extending the active
space to the full set of 24 P(pi) orbitals does not significantly alter the results
with respect to the 16 P(pi) orbitals used in this work.56, 90, 340
Another observation in the comparison between CASPT2 and RASPT2 con-
cerns the relative energy between the MnIV 3B1 and 1B1 states, describing either
ferro- or antiferromagnetic interaction between the two unpaired electrons on
the MnO group and on the porphyrin. Spin coupling occurs between two elec-
trons residing in spatially separated and orthogonal orbitals (in C2v, the MnO
pi∗ orbitals transform as b1, b2, whereas the porphyrin pi orbitals are in a1, a2)
and is therefore expected to be weakly ferromagnetic. Ferromagnetic coupling
is indeed found in the RASPT2 results, and also in the DFT results which will
be presented in the next section (Table 9.3). However, the CASPT2 calculations
erroneously predict antiferromagnetic coupling.
In summary, the observed differences between the CASPT2 and RASPT2
results show that it is important to include more than only the four Gouterman
pi orbitals in the CAS reference to obtain accurate PT2 results for the relative
energies of electromeric states with a different porphyrin pi electron distribution.
Solvent effects (water/acetonitrile mixture) were studied for MnO(P)+. The
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inclusion of the solvent does not alter the ordering of the spin states, either for
CASPT2 or RASPT2. The main effect of the solvent is a general stabilization
all excited states, reducing the energy range spanned by the different states in
Table 9.2. The effect is small, 1 kcal mol−1, for the MnV 3B1 state, and larger
but still limited to 2–3 kcal mol−1 for the MnIV 3,1B1 states. However, the
quintet states show a prominent stabilization by the solvent environment, of
6–7 kcal mol−1 by the solvent environment.
Comparing the results for MnO(P)+ and MnO(PF4)+ one can see that both
CASPT2 and RASPT2 predict a strong stabilization of the MnIVO(L•a2u) states
by substitution of the meso hydrogens by fluorines, whereas the MnIVO(L•a1u)
states are destabilized. This may be rationalized by a mesomeric effect, i.e.
delocalization of electrons in the P(pi a2u) orbital over F(2pz) leading to the
stabilization of a2u based radical states. Such delocalization is possible for the
a2u orbital, as it has a significant amplitude at the meso carbons, while the a1u
orbital is nodal at these C (see Figure 9.2). Importantly, the stabilization of the
MnIVO(L•a2u) states is so strong that it brings the MnIV 5A2 state within thermal
reach of the of the MnV 1A1 ground state.
Importance of low-lying high-spin states for catalytic activity
In order to refine the results for those states that might be important for mul-
tistate reactivity, we decided to perform a CASPT2 scan of the potential en-
ergy surface with respect to the stretching of the Mn–O bond for the MnV 1A1
ground state and the thermally accessible excited states, i.e. the MnV 3B1 state
in both compounds and the MnIV(P•a2u) 5A2 for MnO(PF4)+. Figure 9.3 shows
the potential energy curves for both molecules. All curves were obtained with
CASPT2, including solvent effects. However, since the 1A1–5A2 relative en-
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Figure 9.3: Mn–O potential curves for MnO(P)+ (a) and MnO(PF4)+ (b) obtained from CASPT2.
ergy is not correctly described at this level, the CASPT2 curve of the 5A2 state
was shifted upwards by 4.6 kcal mol−1 (the difference between the RASPT2
and CASPT2 energies in Table 9.2). We believe that the shape of the 5A2 curve
should not be significantly different between CASPT2 and RASPT2, and the
RASPT2 computations are considerably more time consuming. The CASPT2
energies were obtained using DFT structures optimized with constrained Mn–O
distances. The corresponding DFT curves are presented in Figure D.1. For the
1A1 and 3B1 state R(O)PBE0 structures were used, because the structures ob-
tained from UPBE0 suffer from spin contamination. As can be seen from Figure
D.1a, the UPBE0 curve of the 3B1 state is strongly different from the ROPBE0
curve, with an optimal Mn–O distance that is unrealistically long (1.68 A˚) and a
minimum energy which is lower than the ground state energy by 1.7 kcal mol−1.
For the 1A1 state, both curves are the same around the Mn–O equilibrium dis-
tance, but at larger Mn–O distances (as of 1.65 A˚) the UPBE0 curve deviates
from RPBE0.
It should be noted that the DFT geometry optimizations were performed
in vacuum, whereas the CASPT2 results in Figure 9.3 include solvent effects.
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Therefore, both sets of potential energy curves are not strictly comparable, al-
though according to our experience the inclusion of solvent usually has a mini-
mal impact on molecular geometries.52 Both with PBE0 and CASPT2, the Mn–
O optimal distances in MnO(P)+ and MnO(PF4)+ are close, probing a weak
effect of the fluorine meso substituents on the bonding between the metal and
the oxo ligand. The distances obtained from CASPT2 are: 1.54 A˚ for 1A1 and
1.62 A˚ for the 3B1 state in MnO(P)+, 1.55 A˚ for 1A1, 1.63 A˚ for 3B1, and 1.66 A˚
for the 5A2 state in MnO(PF4)+, reflecting progressive metal-oxo bond weaken-
ing by the presence of either zero, one, or two electrons in the Mn–O pi∗ MOs.
The CASPT2 distances are systematically longer by 0.05–0.07 A˚ than the cor-
responding PBE0 distances (1.50 A˚ for 1A1, 1.55 A˚ for 3B1 (ROPBE0), 1.61 A˚
for 5A2). However, note that the CASPT2 distance for the 3B1 state remains well
below the UPBE0 value (1.68 A˚). The CASPT2 distance of the 1A1 ground state
is in close agreement with the recently reported experimental Mn–O distance of
1.546 A˚ in monocrystals of Mn-oxo corrolazine, showing a similar electronic
structure with a MnV 1A1 ground state.340, 376
In energetic terms, the re-optimization of the Mn–O bond distance at the
CASPT2 level does not significantly affect the adiabatic relative energies be-
tween the 1A1 ground state and the triplet and quintet states: the energy differ-
ences between the minima in Figure 9.3 differ by less than 1 kcal mol−1 with the
data in Table 9.2. Importantly, the curves in Figure 9.3 confirm that the reactive
3B1 state is thermally accessible in both molecules, and that in MnO(PF4)+ the
MnIV 5A2 state is more easily reached than the 3B1 state. The extent of Mn–
O bond stretching needed to reach these high-spin states is limited: <0.1 A˚,
and the energy barriers to cross from one curve to the next are also low: <
4 kcal mol−1. These data confirm the possibility of multi-state reactivity in-
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volving low-lying triplet and quintet states for OAT reactions with high-valent
Mn-oxo complexes, as already suggested in previous DFT studies.57, 61, 64, 335
Nonetheless, a second requirement to achieve reactivity through high-spin states
is that the oxyl character of the Mn–O bond should be significantly enhanced in
these states as compared to the kinetically stable MnV 1A1 ground state. This
will be further discussed below.
In the introduction we already mentioned a comparative study of the reactiv-
ity of MnOP(H2O)+ and MnOP(OH) for C–H bond activation, where the higher
reactivity of the former complex was rationalized by a reduced energy gap be-
tween the MnV ground state and low-lying triplet and quintet states. Here, we
find that introducing conjugated substituents at the porphyrin meso positions
may create a similar effect. Indeed, the RASPT2 results indicate that, while the
MnV 3B1 state has a low enough energy to play a possible role in multi-state
reactivity for both compounds, conjugated substituents at the meso-carbons can
stabilize the MnIV 5A2 state to such an extent that it becomes thermally ac-
cessible as well. A similar effect was also observed in a study on manganese
porphyrins MnIIIP+, where it was found that substituting meso-H by alkyne
groups considerably lowers the energy of Ppi →Mn electron transfer.377 While
this might suggest to apply conjugated substituents to improve the performance
of manganese oxo-porphyrins in OAT reactions, it should be mentioned that
this is not a straightforward procedure as some conjugated substituents, such as
alkynes, might not be compatible with the oxidizing conditions of the reactive
medium. They can be subject to an electrophilic attack by the oxo group of
another catalyst, leading to their destruction.
As another example of how the equatorial ligand environment may affect
multi-state reactivity of high-valent manganese oxo complexes through varia-
S. A. V. Jannuzzi, PhD Thesis
Chapter 9. Spin-state energetics of Mn-oxo porphyrins 206
tion of the spin state energetics, we also want to mention here Mn-oxo cor-
roles, i.e. similar complexes but with a different tetrapyrrolic macrocycle lig-
and. MnV-oxo corroles are in general stable in ambient conditions allowing
easy characterization of the d2 singlet ground state,378, 379 whereas MnV-oxo
porphyrins are very reactive53, 380 and only stable with specific substituents333 or
in alkaline medium.61, 62 Thus, for example, the rate constant of cis-stilbene and
cis-cyclooctene epoxidation by high valent manganese oxo systems is five or-
ders of magnitude higher with meso-tetrakis(pentafluorophenyl)porphyrin than
with meso-tris(pentafluorophenyl)corrole.380 In a previous DFT study on the
reactivity of Mn-oxo corroles it was concluded that a spin-transition from an
kinetically stable ground state is needed to activate the OAT reaction, similar
to Mn-oxo porphyrins.381 From a comparison of the results obtained here for
MnO(P)+ with a previous C(R)ASPT2 study on the excited state energetics of
Mn oxo corrole340 we find that both the lowest excited triplet and quintet state
are lower in energy, by 3–5 kcal mol−1, in the case of porphyrin than for the cor-
role system. This strongly suggest that reactivity differences between these two
systems with a very similar electronic structure may be explained by differences
in their spin state energetics.
Performance of DFT functionals for excited state energetics
RASPT2 calculations of the size presented in this work are only feasible
for small symmetric models, and the results may not directly be comparable
to the larger metalloporphyrins investigated experimentally. For this reason, it
is useful to use these RASPT2 results for benchmarking DFT functionals in
order to find the optimal functional to be used in reactivity studies on more
realistic systems. Energies relative to the MnV 1A1 ground state of MnO(P)+ in
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Table 9.3: Energies in kcal mol−1 of MnO(P)+ relative to MnV 1A1 state calculated on top of structures
optimized by PBE0/def2-TZVP.
MnVO(P)+ MnIVO(P• a2u)+ MnIVO(P• a1u)+
3B1 5A2 3B1 1B1 5A1 3B1 1B1 Typea
RASPT2 5.6 18.3 21.9 21.9 19.5 22.0 22.1
PBE 11.1 22.7 20.7 21.1 22.0 b 18.1 GGA
TPSS 10.6 19.9 17.8 18.0 19.0 b 16.4 Meta GGA
BP86 11.2 22.3 20.3 20.6 21.4 b 17.9 GGA
OLYP 8.9 17.8 19.9 20.2 16.8 b 17.0 GGA
BLYP 10.8 20.3 17.7 18.0 19.1 b 15.9 GGA
M06-L 2.3 6.3 14.5 14.6 4.8 b 12.7 GGA
B97-D 8.0 14.2 17.4 17.6 12.9 b 15.6 GGA
TPSSh 7.6 12.0 12.8 12.9 10.1 10.2 10.5 Meta Hyb. 10%
B3LYP* 8.3 10.5 10.5 10.6 8.1 7.5 7.8 Hyb. 15%
B3LYP 5.6 3.5 6.4 6.5 0.8 3.0 3.2 Hyb. 20%
PBE0 1.8 0.2 5.6 5.7 -2.6 2.2 2.4 Hyb. 25%
RO-PBE0 8.6 7.6 9.5 4.6 5.8 Hyb. 25%
M06 1.3 -0.1 9.7 9.8 -4.2 5.0 5.3 Hyb. 27%
M06-2X -10.1 -21.9 -10.5 -10.6 -26.6 -15.9 -15.6 Hyb. 54%
B2-PLYPd -25.8 -39.8 -27.4 -27.8 -46.8 -35.5 c Hyb. 53%
B2-PLYPe 50.6 55.2 60.0 60.3 53.4 57.6 c Hyb. 53%
a Percentage indicate amount of Hartree-Fock exchange energy admixed. b Calculation converged to
MnV 3B1. c Calculation converged to [MnIVO•(P)]+ instead of [MnIVO(P•)]+. d SCF energy only. e
SCF energy plus 27% of correlation energy calculated by MP2.
vacuum calculated by a series of DFT functionals are shown in Table 9.3. The
DFT results were obtained from single-point calculations on PBE0 structures,
i.e. the same structures as used for the C(R)ASPT2 calculations presented in
Table 9.2. The RASPT2 results of MnO(P)+ are presented again in Table 9.3 as
a reference.
We first consider the relative spin state energetics for states belonging to the
same metal oxidation state and with the same porphyrin P(pi) occupation, that is
MnV 3B1 versus 1A1, MnIV(P•a2u) 3B1 versus 5A2, and MnIV(P•a1u) 3B1 versus
5A1. As can be seen from Figure 9.1 all three relative energies in fact correspond
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to the same 3dδ→pi∗ transition. The transition energies obtained from RASPT2
are 5.6 kcal mol−1 for MnV (3B1–1A1), 3.6 kcal mol−1 for MnIV(P•a2u) (3B1–
5A2), and 2.5 kcal mol−1 for MnIV(P•a1u) (3B1–5A1). The DFT results show the
expected functional dependence, observed in many previous studies on the spin
state energetics in transition metal complexes:338, 382–386 GGAs almost invari-
ably overstabilize low-spin with respect to high-spin states. This is remedied
in the hybrid functionals by introducing Hartree-Fock (HF) exact exchange, but
the amount of HF exchange then becomes a determinant factor for the spin state
energetics: the higher the contribution of HF exchange, the more the high spin
states become stabilized with respect to states with a lower spin. The result
obtained from the double hybrid functional B2-PLYP needs special attention.
Without MP2 correction, the results with this functional follow the trend in the
hybrid functionals: with 53% HF exchange, high-spin states are strongly over-
stabilized. This is reversed after including 27% MP2 correlation energy, but not
with complete success. The resulting MnIV(P•a2u) (3B1–5A2) and MnIV(P•a1u)
(3B1–5A1) splittings are 4.8 and 4.2 kcal/mol respectively, close to the corre-
sponding RASPT2 values. However, the final MnV (3B1–1A1) energy difference
obtained from B2-PLYP, 50.6 kcal/mol, differs by as much as 44 kcal/mol from
RASPT2, and is also considerably higher than the result obtained with any other
functional.
Out of all functionals studied, the RASPT2 relative energies between thoses
states with a common charge distribution over the metal and the porphyrin are
most closely reproduced by B3LYP, with transition energies deviating by less
than 1 kcal mol−1 between both methods for all three transitions. Among the
GGAs, the best results are obtained with B97-D, closely reproducing RASPT2
for the two MnIV relative energies, while deviating by only 2.4 kcal mol−1 for
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the MnV (3B1–1A1) relative energy. OLYP and TPSSh also behave significantly
better than the other GGAs. Also noteworthy is M06-L, which overstabilizes
the high-spin states, as opposed to all other GGAs.
Second, we focus on the relative energies of MnIV and MnV states, by con-
sidering the data in Table 9.3 for the MnIV 1B1 – MnV 1A1 relative energies.
With exception of (MP2 corrected) B2-PLYP, all functionals place the 1B1 states
at lower energy than RASPT2. Here, the GGA functionals obviously perform
better than the hybrid functionals. The latter functionals show huge discrep-
ancies with RASPT2, between 9 kcal mol−1 (TPSSh) and up to 50 kcal mol−1
(B2-PLYP, SCF result). The latter functional completely fails in describing the
P→Mn charge-transfer energy, also with MP2 correction, which hugely over-
shoots and moves the MnIV states to unrealistically high energies. The fluc-
tuations between the energies obtained with different GGAs are quite limited,
3.5 kcal mol−1 at most, with exception of M06-L predicting significantly lower
energies than all other GGAs. As a note we mention that a similar behavior
of different functionals was already observed previously when comparing the
relative energies of FeIV and FeV states in FeOPCl, a model for Compound I.56
Two additional important points should be noted with respect to the DFT
data in Table 9.3, (i) all DFT calculations were performed with UDFT, but in
all cases the 1A1 ground state was found to be pure (S=0) closed shell. For all
open-shell states, the respective RODFT solutions would be higher in energy
than the UDFT values presented herein. This is illustrated by the ROPBE0
results included in Table 9.3, which are higher by 3.6–7.4 kcal mol−1 than the
corresponding UPBE0 results. The difference between UDFT and RODFT is
expected to be more important for the hybrid functional than for the GGAs,
because spin contamination is more severe for the hybrid functionals (Table
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D.3). (ii) With respect to the results obtained for the MnV (3B1–1A1) relative
energy, it is important to note that the 3B1 energy was obtained in all cases
using the ROPBE0 structure. Using instead the optimized UPBE0 structure
would have given a negative value of –1.7 kcal mol−1 for PBE0 (Figure D.1a).
Similar effects may be expected for the other hybrid functionals, showing strong
diradical character and corresponding spin contamination in the UDFT solution
of the 3B1 state, leading to a weakening of the Mn-O bond. Again, these effects
are much smaller for the GGA functionals.
9.3.2 Oxyl radical character in the ground state and low-lying excited
states
The oxidative power of high-valent manganese oxo systems (both synthetic
and biological, e.g. photosystem II) has been extensively investigated already in
previous DFT studies. From all these investigations (involving water oxidation,
C-H hydroxylation, etc) a crucial factor for oxidative power is the oxygen rad-
ical character in the Mn-O bond.57, 64, 335, 387–389 The same is true for synthetic
RuV-oxo complexes, which are capable of oxidizing water. Experiments with
electron paramagnetic resonance (EPR) on an 17O-labeled form of a highly ox-
idized, short-lived RuVO intermediate have indicated a high unpaired electron
density on oxygen, held responsible for its high reactivity.390 However, it has
also been shown that the strongly varying picture of the spin density distribution
in the Mn-O bond given by different DFT functionals, either hybrid or GGA,
is responsible for a completely different qualitative mechanistic picture of the
oxidation reaction.64
In this section we will present an analysis of our CASSCF results with re-
spect to oxyl character for the low-lying states of MnO(P)+ and MnO(PF4)+ that
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might play an important role in oxidation processes, and compare the results to
the analysis of the spin density obtained from the different DFT functionals in-
cluded in the benchmarking of relative spin state energetics. Oxygen radical
(or oxyl) character is associated with unpaired electron(s) on the Mn-O oxygen
atom. As can be seen from Figure 9.2 all six σ, pi bonding and antibonding or-
bitals constituting the Mn-O bond are to some extent delocalized over the metal
and oxide. Given that the bonding orbitals are fully occupied in all states, un-
paired electrons on the oxide may arise from two distinctly different electronic
structure features:
(a) If one (or both) of the Mn-O pi∗ orbitals carries an unpaired electron, this
may give rise to a certain amount of oxyl character, depending on the com-
position of this pi∗ orbital. In an ionic ligand field scheme the bonding pi
orbital would be entirely oxygen and the antibonding pi∗ orbital entirely
metal based, giving one unpaired electron in the metal 3d shell. In reality,
however, covalent 3d–2p mixing delocalizes the unpaired electron density
over the Mn-O bond, giving rise to a positive oxygen spin density between
zero and one units.
(b) In case of an empty Mn-O pi∗ (or σ∗) orbital, the pi2pi∗0 configuration may
at first glance be expected to give zero spin density. However, when us-
ing a variational method allowing for spin polarization, such as UDFT or
C(R)ASSCF (but not RDFT), the two electrons in this pi bond can be re-
distributed by accumulating α spin density on the metal and β spin density
on the oxygen. Note that in UDFT such spin redistribution is only possible
at the expense of spin contamination, whereas in CASSCF the total spin is
(correctly) conserved. Spin polarization introduces (partial) diradical char-
acter in the Mn-O bond, and gives a negative oxygen spin density between
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zero and one units.
Of the three states that might possibly be involved in (multi-state) reactivity
in oxidative processes, the 1A1 ground state does not contain any electrons in
the antibonding Mn–O orbitals. UDFT calculations on this state invariably con-
verged to a pure (S=0) state (at the equilibrium geometry; diradical character
does appear at longer Mn–O distances, see Figure D.1a), as, of course, does
the CASSCF wave function. With zero spin density at all points in space, oxyl
character is absent in the ground state, explaining its high inertness for OAT and
the need of transition to low-lying states with higher spin multiplicity, in order
to explain the catalytic reactivity of the species under study. Figure 9.4 shows
a plot of the spin density obtained from CASSCF for the MnV 3B1 and MnIV
5A2 states of MnO(PF4)+. With two α electrons in the pi∗ shell, the 5A2 state
shows a positive spin density in the Mn-O pi region, while the σ bond shows
a small negative region around O, indicating some diradical character in the σ
bond. The (Mulliken) spin populations on oxygen are 0.30 for both the O px and
O py orbitals, whereas O pz has a small negative spin population: −0.10. On
the other hand, in the 3B1 state the pi∗yz is singly occupied, while pi
∗
xz and σ
∗
z re-
main empty. Consequently, the spin density plot shows a positive pi lobe along
the Mn–O bond with a perpendicular negative lobe on O. The corresponding
(a) (b)
Figure 9.4: Spin density distributions in the MnV 3B1 state (a) and the MnIV 5A2 state (b) of
MnO(PF4)+, obtained from CASSCF.
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oxygen spin populations are −0.16 for O px, 0.26 for O py and −0.08 for O pz.
These numbers indicate that the oxygen gets a small but distinct oxyl character
in both states. With two unpaired electrons, the 5A2 state might be expected to
be more reactive. However, the occurrence of radical character with opposite
signs in O px, py in the 3B1 state is intriguing, because it might lead to (possibly
competing) reactivity along two different reaction channels.
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Figure 9.5: Mulliken spin populations of MnV 3B1 (a) and MnIV 5A2 (b) divided in cartesian atomic
orbitals of MnO(P)+. The bonding directions X, Y and Z are identified by colors, functionals by the
shape of symbols with hybrid GGA filled and pure GGA open symbols.
In Figure 9.5 we show a comparative overview of the spin populations ob-
tained for MnO(P)+ with different functionals, making use of an (x,y)-plot
where the x-axis gives the spin populations on O px, py, and pz and the y-
axis gives the spin populations in the Mn dxz, dyz and dz2 orbitals. The numbers
obtained from CASSCF are also included and will serve as a reference. The
numbers obtained from CASSCF for MnO(P)+ (O px: −0.16, O py: 0.25, O pz:
−0.08 for 3B1, O px,y:0.29, O pz: −0.10 for 5A2) are not distinctly different
from the corresponding values for MnO(PF4)+, given above. This indicates that
substitution effects on the reactivity of the Mn-oxo are of purely energetic na-
ture: they affect the energy needed to reach the lowest MnIV states, but do not
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significantly influence the electronic distribution in the Mn–O bond. The O and
Mn spin populations should add up to (approximately) one for the pixz and piyz
bonds in the 5A2 state, as well as for the piyz bond in the 3B1 state. The other
bonds should give numbers that add up to (approximately) zero. Dashed lines
corresponding to x + y = 1 and x + y = 0 are shown in the plots as a guide to
the eyes.
For pi bonds carrying an unpaired electron the spin populations in Figure 9.5
reflect the composition of the pi∗ orbital. As is the case with CASSCF and
conform with the ligand field picture, all DFT functionals predict the pi∗ or-
bitals to be predominantly metal based: the maximum spin population on O
remains < 0.3, and > 0.7 for Mn. A larger O spin population reflects a more
covalent Mn–O pi bond. As one can see, all GGAs predict a higher covalency
than CASSCF, and the results with different GGAs are very close. Amongst
the hybrid functionals, the covalency of the bond decreases as the contribu-
tion of HF exchange increases. In fact, very limited oxyl radical character in
these pi bonds is predicted by functionals containing more than 50% exact ex-
change: B2-PLYP and M06-2X. These results are consistent with the fact that
the Hartree-Fock method gives too ionic metal-ligand bonds, while pure DFT
functionals predict more covalent metal-ligand bonds.
Looking next at the σ bond, small negative O spin populations point to a
small contribution of diradical character. This is what would be expected for a
(strong) σ bond, and what is found with CASSCF and with most functionals.
All GGAs predict less than 10% diradical character for the σ bond, (slightly)
less than with CASSCF. Hybrid functionals are known to give a higher diradical
character (and corresponding spin contamination) than pure functionals, and the
more so as the HF contribution increases.391 This behaviour is corroborated by
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the spin populations in Figure 9.5. With ‘traditional’ functionals B3LYP, PBE0,
TPSSh the diradical character of the σ bond still remains below 20%. However,
excessively high oxygen spin populations are predicted by M06-2X and B2-
PLYP. With the latter functional, the Mn–O σ bond in the MnIV 5A2 state is
predicted to contain a higher than 50% diradical contribution!
A similar, but more pronounced effect is found for the pixz bond in the MnV
3B1 state, with pi∗xz empty. Here we find oxygen spin populations ranging be-
tween −0.07 and −0.78 over the range of considered DFT functionals, which
therefore predict a diradical contribution to this pi bond ranging between only
7% and as much as 78%. With exception of M06-L, all GGAs predict oxygen
spin populations that are smaller (in absolute value) than with CASSCF, and
the difference between the functionals is rather small, ranging between −0.07
with BLYP to −0.14 with B97-D (as compared to −0.16 with CASSCF). The
hybrid functionals with lowest HF exchange (B3LYP*, 15% and TPSSh, 10%)
give −0.16 and −0.21 respectively, but this increases progressively to −0.78
with B2-PLYP, containing 53% HF exchange.
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Figure 9.6: Oxygen Mulliken spin population in px and py orbitals as a function of Mn–O distance.
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It is important to note that the plots in Figure 9.5 were generated using DFT
data obtained at structures optimized with PBE0. For the 3B1 state, ROPBE0
structures were used (Mn–O distance = 1.55 A˚) to avoid the unrealistically long
Mn–O distance (1.68 A˚) predicted by UPBE0 (cf. Figure D.1a). But enhancing
the diradical character (at the expense of increasing spin contamination) is pre-
cisely the driving force leading to a (much) longer Mn–O equilibrium distances
in UDFT versus RDFT calculations, when making use of hybrid functionals.
As such, the O px spin populations in Figure 9.5 should become even more neg-
ative if they would instead be obtained at Mn–O distances that are optimized
at the UDFT level (with the respective hybrid functionals). This is illustrated
in Figure 9.6, showing the O px and py spin populations of the 3B1 state as a
function of the Mn–O distance, calculated with ROPBE0, UPBE0, UBP86 and
CASSCF. Each calculation used to construct these plots was performed at its
own optimized geometry (at fixed Mn–O distances). The corresponding DFT
energy profiles are shown in Figure D.1, the CASSCF data were obtained with
ROPBE0 structures (cf. Figure 9.3).
At RMn-O = 1.55 A˚, corresponding to the ROPBE0 minimum, the O px spin
populations are close to the values shown in Figure 9.5: −0.50 for UPBE0,
−0.08 for UBP86, −0.16 for CASSCF while the diradical character of the
pixz bond is (by definition) zero with ROPBE0. The UPBE0 O px spin pop-
ulation falls down steeply with the Mn–O distance. At the UPBE0 minimum
(RMn-O = 1.68 A˚), it reaches a value of−0.78. As such, UPBE0 predicts a very
pronounced oxyl character for the 3B1 state, corresponding to a negative oxy-
gen spin population. On the other hand, as illustrated by the BP86 results, pure
GGAs are much more resistant to spin contamination.391 The Mn–O distance
obtained from UBP86, 1.59 A˚, remains much closer to the ROPBE0 minimum,
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and the O px spin population is much more reluctant to fall down, starting its de-
scent only at distances > 1.7 A˚. The O px populations obtained from CASSCF
rather predict a steady increase of negative O px spin density and concomitant
diradical character with the Mn–O distance.
It is also worthwhile to look at the O py populations in Figure 9.6. The
absolute values obtained with different methods are different - reflecting the
covalency of the piyz bond (see above). However, they all show the same de-
creasing behavior with the Mn–O distance, indicating that as the Mn–O bond
dissociates the unpaired electron in this pi bond will localize on Mn 3dyz, leav-
ing O py fully occupied. A similar plot obtained for the 5A2 state (Figure D.2)
shows the same trend, with both unpaired electrons moving towards the Mn 3d
shell as the Mn–O bond dissociates.
Armed with these observations it becomes quite straightforward to rational-
ize the different reactivity patterns observed for the MnV 3B1 state in Mn-oxo
porphyrins from previous DFT studies, either with pure or hybrid function-
als.57, 61, 64, 335 With pure GGAs, limited diradical (negative O px spin density)
is predicted for the pixz bond in the 3B1 state, whereas the bonds carrying an
unpaired electron (piyz in the 3B1 state and both pi orbitals in low-lying quintet
MnIV states) contain significant oxyl character (positive O py,(x) spin density).
The resulting positive spin population on oxygen (see also Figure D.3) is in-
voked to rationalize reactivity for C–H abstraction in the 3B1 excited states. On
the other hand, with hybrid functionals, the singly occupied pi∗yz orbital is much
more localized on the metal, giving a much smaller (positive) O py spin popula-
tion, whereas the diradical character of the pixz bond is much more pronounced.
Thus, with hybrid functionals Mn–O oxyl character and corresponding reac-
tivity is instead connected to the negative O spin population. Both ‘types’ of
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triplet states are denoted as resp. 3Πxz and 3Πo in ref. 64, and are shown in that
study to lead to very different reactivity patterns and barriers heights for OAT
reactions. As the CASSCF results indicate, both types of radical character are
in fact united in one state. Further studies are needed to establish their relative
importance for reactivity.
9.4 Conclusions
In this work, porphyrin complexes with an manganese-oxo group, MnO(P)+
and MnO(PF4)+, were studied by means of second-order perturbation theory
based on either Complete Active Space (CASPT2) and Restricted Active Space
(RASPT2) wave functions. These complexes serve as a model to investigate
two important electronic structure aspects of manganese-oxo heme systems that
play a determinant role for their catalytic reactivity in OAT reactions, that is (a)
spin state energetics, and (b) oxyl radical character of the manganese-oxo bond.
All possible low-lying MnV states and MnIV states with a porphyrin radical
of either a1u or a2u type were considered. Conform with experiment, the ground
state of both molecules is a MnV singlet (1A1). A triplet state (3B1) correspond-
ing to the excitation of an electron from the non-bonding 3dδ orbital to one of
the Mn–O pi∗ orbitals is found to be thermally accessible in both complexes.
The MnIV states are high-lying in MnO(P)+, but substitution of hydrogen by
fluorine at the meso positions of the macrocyle causes a stabilization of MnIV
states with a P(pia2u) radical, placing the MnIV 5A2 state below the MnV 3B1
state. Similar to our previous findings56, 340 the RASPT2 calculations (with an
active space containing 16 porphyrin pi∗ orbitals) are superior to CASPT2, be-
cause the active space in the latter method is too small to accurately describe
(a) the splitting between a2u and a1u type radicals on the porphyrin and (b) spin
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interaction between MnIV and the porphyrin radical. Including solvent effects
in the calculations is essential to obtain an accurate picture of the excited state
energetics, as it significantly stabilizes MnIV with respect to MnV states.
Oxyl radical character in the 3B1 and 5A2 states are investigated by analyz-
ing the CASSCF spin density distribution along the Mn–O bond in terms of the
three contributions: σ (Mn dz2–O pz), pixz (Mn dxz–O px), piyz (Mn dyz–O py).
Two sources of oxyl radical character emerge from this analysis: (a) a positive
oxygen spin density resulting from the occupation of pi∗ orbitals, and (b) a neg-
ative oxygen spin density resulting from diradical contributions to the CASSCF
wave function for those bonds where the antibonding component is empty. The
σ bond shows a very limited diradical contribution. However, for the 3B1 state
we find a remarkably large diradical character in the pixz bond, which grows
steadily as the Mn–O bond is stretched. Further studies are necessary to estab-
lish which of the two radical types plays a dominant role in OAT reactivity.
Both aspects, spin state energetics and oxyl radical character, were also stud-
ies with an extensive range of DFT functionals. As usual, hybrid functionals
(B3LYP in particular) were found to outperform GGAs in predicting the spin
promotion energy between states differing only in the distribution of electrons
in the Mn 3d shell. The latter functionals are, however, clearly superior in de-
scribing the relative position of MnIV with respect to MnV states. On the whole,
the functional that comes closest to RASPT2 in describing the relative ener-
getics is B97-D. The description of diradical character of the pixz bond in the
3B1 state was found to be problematic for hybrid functionals containing more
than 15% HF exchange. GGAs in general seem to underestimate diradical bond
contributions, but also here B97-D comes closest to the multiconfigurational
wave function description. Functionals that show disappointing behavior are
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the Minnesota functionals, M06, M06-L and M06-2X, as well as the B2-PLYP
functional. The inclusion of MP2 correlation in B2-PLYP can obviously not
correct for the flaws that are introduced by giving this functional such a high
amount of HF exchange.
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Chapter 10
Global discussion and conclusions
Intermolecular interactions mediate communication between cells, inasmuch
as signalling molecules of one cell are captured by the corresponding receptor
in another cell. This process allows the cooperative actuation of differentiated
cells in multicellular organisms. In chemistry, the study of intermolecular inter-
actions for recognition, assembly and catalysis was termed as supramolecular
chemistry.392, 393 In Chapter 3, the intermolecular interactions between penta-
cyanoferrate groups and solvent influence the electronic absorption. When co-
ordinated to the coil of poly(4-vinylpyridine), the solvation shell of the pendant
complex is affected by the molecules that solvate the polymer chain. As a result,
the MLCT band of pentacyanoferrate serve as a probe to assess the polarity of
the environment where it is located.
The study of Chapter 4 is by itself an example of the use of non-covalent
interactions to assemble a supramolecular structure gathering different func-
tionalities. Namely the film-forming ability of the polymer, the redox property
of pentacyanoferrate and the high electric conductivity of carbon nanotubes,
whose structural integrity was preserved.
In the case of Chapter 8, the intermolecular interactions were explored in
order to induce regioselectivity in oxygen-atom transfer reaction catalyzed by
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the manganese porphyrin. The investigation by calorimetry indicated changes
in the solvation of phenol and anisole in the presence of poly(acrylic acid), and
also showed evidences of hydrogen bonding between phenol and polymer. The
methods employed did not provide evidence of interaction between the man-
ganese porphyrin and the polymer chain. In spite of that, the regioselectivity of
catalyzed phenol oxidation increased in the presence of the polymer, in compar-
ison to the reaction without it. The maximum increment was 81%, which is low
in comparison to enzyme catalyzed reactions. In many cases, the main product
of enzyme catalyzed reactions is hundreds to thousands times more abundant
than side products. The difference between the performance of biomolecules
and the artificial mimetic system presented herein is by virtue of too simplistic
structure: known good catalyst plus polymer in common solvent.
Natural CYP450 does not use fluorinated porphyrin, but heme groups. They
by themselves are rather flat and not sterically protected to prevent µ-oxo dimer
formation, as in the case of synthetic iron porphyrins. The superior perfor-
mance of the natural system relies on the occlusion of the active center inside
the binding pocket, where the surrounding functional groups still allow access
to the reactants. This set of characteristics underlines a subtle balance of in-
termolecular interactions between active center, substrate and directing groups.
Under this perspective, design of more complex structures ought to be pursued
in this research area, which might take inspiration in the molecular imprinting
methodology, for example.394
Catalytic tests with poly(styrene) indicated that only weak interactions did
not affect product distribution or reaction rate. On the contrary, strong interac-
tions such as those provided by poly(4-vinylpyridine) inhibited catalysis. The
catalytic reaction involves exchange of ligands in the manganese coordination
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shell. If the interacting polymer provides inert coordination bonds with the cat-
alyst, it competes with the oxygen donor agent and hinders turnover. In the
case of P4VP-Fe(CN)5 metallopolymer, property of interest (solvatochomism)
did not involve ligand exchange, more importantly, it relied on the coordina-
tion of pentacyanoferrate to P4VP. Based on these observations, the following
general conclusion can be stated: high-molecular weight structures containing
pyridyl groups were better employed when the function of the TM complex did
not involve exchange of ligands. For example, in electron transfer reactions, as
explored in chapters 5 and 7.
The electron transfer reaction of pentacyanoferrates in homogeneous solu-
tion is via outer-sphere mechanism.395, 396 Shigehara and coworkers investi-
gated the electron transfer of P4VP-Fe(CN)5 metallopolymer immobilized on
the surface of electrode.24 The transfer occur in the swollen portions of the film
and might follow the same mechanism as [Fe(CN)5py]3− (py = pyridine) in so-
lution, i.e. outer sphere. In the work reported in Chapter 5, a similar charge
transfer mechanism can be expected, but taking advantage of the close contact
with conductive carbon nanotubes.
For metalloporphyrins the electron transfer mechanism is not unique. Chap-
man and Fleischer published two subsequent articles using porphyrinsa of Co(II)
and Co(III).397, 398 In the first work, outer sphere exchange is induced by addi-
tion of pyridine, as [CoIII(TPP)(py)2]Cl lacks a bridging ligand. In the second
work, the absence of coordinating ligands maintains the chlorine coordinated to
Co(III) porphyrin. It allows the formation of (TTP)CoII–Cl–CoIII(TTP) and the
reaction happens by inner sphere mechanism. Another contemporary work,399
studied electrodes modified with cobalt porphyrin in which at least one meso
aThey used TPP = meso-tetraphenylporphyrin and TTPmeso-tetra(p-methylphenyl)porphyrin.
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group was covalently bonded to the electrode surface. The electrocatalytic data
of different covalently-modified electrodes did not ruled out the possibility of
inner-sphere transfer. In the work presented in Chapter 7, the electronic contact
between the manganese porphyrin and the electrode was pursued with pyridyl-
functionalized gold nanoparticles. Further works are needed to detail the mech-
anism and the implication in electrocatalytic activity.
The application of the supramolecular structures in electrochemical determi-
nation of L-cysteine relied on the same concept. In Chapter 5 the device can be
simplistically represented as layers of GCE/MWCNT/P4VP-Fe(CN)5, whereas
in Chapter 7 it is FTO/AuNP/4-MPy/MnTPFPP. In both cases, the electrode is
modified with a conductive nanoparticle, over which a linker connects to the
electrochemical mediator. In general: electrode/nanoparticle/linker/mediator.
The effect of the size of the particles is also noteworthy, since nanoparticles
have large surface-to-volume ratio. Deposition over a polished electrode in-
creases the roughness, which enlarges the effective contact area with the solu-
tion. Larger areas raise the probability of redox reactions, which raise electric
current.
The observation of chemical transformations mediated by the manganese
porphyrin at surfaces and in solution makes appealing the idea of modeling
them by computational methods. In fact, many studies by DFT on reaction
mechanisms have already been reported. The known limitation of this method
is exemplified by the case of manganese-oxo porphyrin. Even so, reactivity
studies by DFT are in agreement with experimental rate constants. The appar-
ent contradiction suggests that they could be the product of error cancellation.
A thorough investigation of the electronic structure using multiconfigurational
methods (Chapter 9) must precede reactivity studies in order to point to similari-
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ties and discrepancies with DFT methods. RASSCF evidenced strong diradical
character in MnV triplet state, which is associated to the oxyl character. The
oxyl character based on spin density by DFT has qualitative agreement with
RASSCF for this state. DFT predicts even larger oxyl character for the quin-
tet as the result of more unpaired electrons. RASSCF indicates however ma-
jor localization of the extra unpaired electron on the metal, which contributes
marginally to the unpaired electron density on the oxygen.
Finally, it seems tempting to associate the model porphyne P2− with TPP2−
and the fluorinated ligand PF2−4 with TPFPP
2−. The electronic structure of
manganese-oxo with the small models are not directly extrapolated to the ac-
tual ligands, since the electronic effects of a single fluorine atom is not directly
correlated to the effects imposed by -C6F5 groups. The aryl groups keep a cer-
tain dihedral angle with respect to the plane of the ring, as indicated by the
crystal structure in Chapter 6. Consequently, the conjugation is not as direct
as in the case of a single fluorine atom. Future works should consider more
realistic models containing meso-trifluoromethyl or trifluorovinyl groups, for
example.
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Appendix A
Supplements to Chapter 4
A.1 1H and 13C Nuclear Magnetic Resonance
(a) 1H of P4VP (b) 13C of P4VP
(c) 1H of P4VP/MWCNT (d) 13C of P4VP/MWCNT
Figure A.1: 1H- and 13C-NMR spectra (500 MHz, ethanol-d6) of P4VP (a,b) and P4VP/MWCNT sus-
pension (c,d).
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A.2 Determination of the mass of suspended MWCNT
Figure A.2 displays the absorbance characteristic of the P4VP as a function
of the washing cycles, evidencing that the polymer is removed. Four to seven
cycles were necessary to wash P4VP whereas only four cycles were necessary
to remove the P4VP-Fe(CN)3−5 metallopolymer probably due to enhanced hy-
drophilicity.
(a) (b)
Figure A.2: Plot of absorbance at 257 nm as a function of each washing step with HCl 1.0 mol L−1 for
samples with pure P4VP (a) and with the metallopolymers (b).
A.3 Raman spectroscopy of recovered MWCNT
Figure A.3 shows the Raman spectra of the starting MWCNT, the P4VP
polymer and the MWCNT isolated from the suspension with P4VP through the
washing procedure with acid. The absence of bands relative to the polymer
indicates that the isolated MWCNT did not contain P4VP, in agreement with
the lack of absorption in the UV region (Figure A.2).
A.4 Four-probes Conductivity Measurement
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Figure A.3: Raman spectra of the starting MWCNT, P4VP and the MWCNT recovered from the acidic
treatment of a suspension formed by addition of 17.5 mg of nanotubes in 3.5 mL of ethanol containing
35.0 mg of P4VP.
(a) (b)
Figure A.4: Voltage versus current for (a) MWCNT/P4VP and (b) MWCNT/metallopolymer compos-
ites.
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Appendix B
Supplements to Chapter 5
B.1 Effect of pH
The effect of the solution pH is another factor that can directly influence
the electrochemical response of redox mediators. For proton dependent redox
mediators, the protonation step can modify the kinetics and the formal poten-
tial of the redox system.184, 401 On the other hand, for redox mediators that do
not depend on the protonation step the potential shift is less susceptible to pH
changes, being a good alternative for many applications.402 Figure B.1 shows
the voltammograms of the modified electrode for different pH values. There
is no significant change in the formal potential of the redox mediator with pH,
indicating that protons are not participating in the process.
Since the pKa of pyridine is 5.25, the cyclic voltammograms were obtained
above the pka value to avoid the protonation of the complexation sites. Thus,
from the pH study, we can conclude that the redox process mediator-electrode
does not depend on the protonation for pH values above 5.5. On the other
hand, for pH values lower than 5.25, the polymer is now protonated and the
complexation of pentacyanoferrate ions is compromised.
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Figure B.1: Cyclic voltammograms obtained for GCE/MWCNTs/[Fe(CN)5(P4VP)10] nanocomposite
at different pH values (5.5 to 8.0), at 30 mV s−1 in 0.1 mol L−1 PBS. Insert graph shows the anodic and
cathodic peak responses as a function of pH. As can be observed, the cyclic voltammograms at pH 7.0
showed the best combination between peak currents and peak-to-peak ratio.
B.2 Reaction Principle on the Interface
In this work the GCE was used as transducer for the construction of the
nanostructured platform. The reaction that occurs on the electrode surface can
be described in a following way: the process begins at the bulk solution with
diffusion of L-cysteine molecules to the electrode surface. The analyte reaches
the surface with a diffusion coefficient of 1.51×10−5 cm2 s−1 and reacts with
the oxidized form of the redox mediator. That rate constant of this reaction,
kobs, was calculated by means of chronoamperometry and found to be 8.95×103
L mol−1 s−1 this value is comparable with other redox mediators recently re-
ported for L-cysteine electrooxidation.182, 184 Thus, amperometric and voltam-
metric responses obtained are related to the oxidation of the metallopolymer on
the electrode surface.
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Figure B.2: Ultraviolet-visible spectra at increasing sonication time in a sealed vial with ethanol for
MWCNT (a), P4VP (b) and for a MWCNT/P4VP mixture (c). The ∆A upshift factor of baseline is
defined in Figure B.3 for sake of clarity.
B.3 Evaluation of the formation and stability of metallopoly-
mer/MWCNT suspension
The amount of suspended MWCNT after sonication in a solution contain-
ing P4VP-Fe(CN)5 metallopolymer can be assessed by ultraviolet-visible spec-
troscopy (UV-vis), similarly with the procedure reported by Rouse.25 We used
a diode array Agilent spectrophotometer model HP 8453 and a 5-mm quartz
cuvette for this end. The scattering caused by suspended aggregates causes an
upshift by a factor ∆A in the baseline of the spectra, which is proportional to
the concentration of scattering centers. Figure B.2 shows UV-vis spectra at dif-
ferent sonication times for a mixture of MWCNT in ethanol (Figure B.2A), an
homogeneous solution of P4VP in ethanol (Figure B.2B) and the suspension
formed by P4VP-Fe(CN)5 metallopolymer and MWCNT (Figure B.2C).
From Figure B.2A it is noted that sonication in pure ethanol is not capable
of producing stable MWCNT suspension; the black flocculates settle down on
S. A. V. Jannuzzi, PhD Thesis
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the bottom of the vial as soon as the sonication is halted and no upshift in the
UV-vis spectra base line is observed. The same happens when a solution of
P4VP in ethanol is sonicated (Figure B.2B). The polymer coils do not cause an
observable scattering in this experiment. Only when both MWCNT and P4VP
are sonicated together the scattering is observable (Figure B.2C), indicating the
formation of a suspension and addressing to the suspended MWCNT the role
of scattering center. ∆A shift increases almost linearly with sonication time,
showing that MWCNT is being suspended until 120 min, when it became in-
variant.
Suspension formation with P4VP-Fe(CN)5 metallopolymer with polymer re-
peating unit/pentacyanoferrate molar ratio (py/Fe) of 50 and 200 was carried
out as described in section 5.2.4, at a fixed sonication time of 120 min. These
samples were chosen for the stability study because they did not show electro-
catalytic proproperties as prominent as the sample with py/Fe ratio of 10, owing
the higher concentration of pentacyanoferrate groups. Nevertheless, the py/Fe
= 10 sample showed neither flocculation nor depositions on the bottom of the
vial for over a month and therefore the stability time found for py/Fe = 50 and
200 samples can be extended to the sample used in electrode modification.
The stability time of these suspensions was thus probed by UV-vis spec-
troscopy, since flocculation and sedimentation of MWCNT wrapped with the
metallopolymer would decrease ∆A. Once prepared, the suspensions of P4VP-
Fe(CN)5/MWCNT were let to rest in a sealed vial and the UV-vis spectra were
acquired in 3, 6 and 27 days after the end of sonication, as shown in Figure B.3.
In the 27th day after the preparation the ∆A decreased 26% in relation of its
initial value for the suspension prepared with the py/Fe = 200 metallopolymer,
whereas the decrease was only of 10% for py/Fe = 50. This is an evidence
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Figure B.3: Ultraviolet-visible spectra acquired after the preparation of P4VP-Fe(CN)5/MWCNT sus-
pensions with polymer repeating unit/pentacyanoferrate molar ratio of 50 (a) and 200 (b). The ∆A
upshift was calculated as the average absorbance in the range between 700 and 900 nm.
that the sample with larger content of pentacyanoferrate (py/Fe = 50) has longer
stability time. For this reason, we suggest that the sample used in electrode
modification (py/Fe = 10) might present an even longer stability time. The
duplicate of this experiment revealed the same trend.
S. A. V. Jannuzzi, PhD Thesis
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Table B.1: Comparison of analytical parameters for cysteine determination of some sensors reported in
the literature.
Ref. Eapl
(mV)a
Technique Material LODb
(mol L−1)
Range
(mol L−1)
207 800c Cyclic
Voltammetry
Carbon paste electrode
modified with
ferrocene-dicarboxylic
acid
2.6×10−5 3.0×10−5–
2.2×10−3
206 800c DPVd GCE modified with
quinizarine
1.6×10−7 8.0×10−7–
1.0×10−5
208 900c Cyclic
Voltammetry
Carbon paste electrode
modified with iron oxide
core@cobalt
hexacyanoferrate shell
nanoparticles
4.8×10−7 5.0×10−6–
3.7×10−5
182 50e Cyclic
Voltammetry
GCE modified with
MWCNTs/PEI/DTNB
2.7×10−6 9.0×10−6–
2.5×10−4
403 387c Cyclic
Voltammetry
Graphene oxide/Au
nanoparticles
2×10−8 5×10−8–
2.0×10−5
404 410c Amperometry GCE modified with
platinum nanoparticles
and poly(o-aminophenol)
8×10−8 4×10−7–
6.3×10−3
405 650e Cyclic
Voltammetry
Nanoporous gold with
uniform pore size
5×10−8 1×10−6–
4×10−4
406 420e Amperometry GCE coated with
gold-platinum particles
fabricated directly on
MWNT-ionic liquid
composite
– 5×10−7–
4×10−5
407 600e Amperometry GCE modified with
yttrium hexacyanoferrate
nanoparti-
cle/MWCNT/Nafion
1.6×10−6 2×10−7–
1.14×10−5
184 150e Amperometry GCE modified with
MWCNT/P4VP/Copper
ions
1.5×10−6 5×10−6–
6.0×10−5
This 260e Amperometry GCE modified with
MWCNT dispersed in
P4VP-Fe(CN)5
6×10−9 2×10−8–
1.5×10−7
a Applied potential. b Limit of detection. c vs Ag/AgCl. d Differential Pulse Voltammetry.
e vs Standard Calomel Electrode.
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C.1 Determination of ionization degree of PAA
Titration curves of PAA in both solvents showed two equivalent points,
marked as v1 and v2 by the peaks of first derivative in Figure C.1a. The first
point at volume v1 corresponds to neutralization of HCl added to fully proto-
nate the polymer. If Cb is the concentration of the titrant NaOH solution, then
v1Cb = na, where na is the number of mols of HCl. At volume v2, the poly-
mer is fully neutralized, which occurred on top of the volume v1 already spent
to neutralize the acid. Then v2Cb = na + np, where np is the total number of
mols of ionizable groups of the polymer. For any volume v between v1 and
v2 the ionizable groups will be partitioned between -COOH and -COO− forms,
so np = nPAA + nPA−, where PAA is the acrylic form and PA− is the acrylate
sodium salt. Since v is larger than v1, it also accounts form base spent to neu-
tralize HCl. Also, the number of mols exceeding of HCl will fully convert PAA
into PA−, because NaOH is strong base. In this way vCb = na + nPA− and
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Table C.1: Optimized fitting parameters according to Equation C.2 for curves of α versus pH of PAA.
Values are averages and standard deviations of triplicate.
Medium A1 A2 pH0 p
H2O -0.121 ± 0.008 1.25 ± 0.04 6.67 ± 0.06 5.4 ± 0.2
H2O/CH3CN 7/3 0.0036 ± 0.0003 1.009 ± 0.007 6.66 ± 0.01 9.2 ± 0.1
subtracting v1, na cancels out. With this said, the dissociation degree (α) is
(v − v1)Cb
(v2 − v1)Cb =
nPA− + na − na
nPA− + nPAA + na − na =
nPA−
nPA− + nPAA
= α ∀ v1 ≤ v ≤ v2
(C.1)
Plots of α as a function of pH are presented in Figure C.1b. They were fit
with the logistic equation shown in Equation C.2 expecting to observe asymp-
totic behavior at high and low values of α. In fact, it was more evident in
H2O/CH3CN medium, as indicated by the optimized A1 and A2 parameters
which best agrees with 0 and 1 respectively.
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Figure C.1: (a) Titration curve of PAA in H2O/CH3CN 7/3 with respective first derivative. (b) Dissoci-
ation degree (α) as function of pH. Data of triplicate of α for each solvent are overlaid.
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C.2 UV-vis spectra of MnTPFPP and PAA in solution
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Figure C.2: Electronic absorption spectra of MnTPFPP (red line), after addition of PAA (blue, superim-
posed) and spectrum of the dried mixture solubilized in water (black).
C.3 UV-vis spectra of MnTPFPP and P4VP in solution
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Figure C.3: Electronic absorption spectra of MnTPFPP in dry CH2Cl2 (solid line), after addition of a
small mass of solid P4VP (dashed) and after addition of H2O and CH3CN (dotted lines).
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C.4 XAS spectra of MnTPFPP
In order to check whether the porphyrin-polymer interaction could take place
without solvents, solutions containing MnTPFPP and PAA were dried to obtain
solid samples. XAS was performed in a dried sample obtained from a solution
with PAA in water/acetonitrile. The spectrum of the dried sample shows no-
ticeable changes in comparison with those of the solutions (c.f. pink lines in
Figures C.4a and C.4b). In particular, the white line region is more intense and
does not present the characteristic three features which exists in the spectra of
all solutions. Intensities are comparable because all XAS spectra were normal-
ized to unity in the extended range region, i.e., EXAFS. The XAS spectrum of
the dried sample contains a single pre-edge peak located at 6540.5 eV having a
width of approximately 1.6 eV, a small shoulder in the rise edge at about 6545.5
eV, and the absorption edge is located at 6550.2 eV.
Another dried sample was prepared using a less coordinating solvent, i.e.
replacing acetonitrile by methanol in the mixture with water. This was done to
check whether trapped or maybe coordinated acetonitrile molecules in the film
would be responsible for such changes. However, the same XAS spectral shape
obtained for sample dried from acetonitrile/water was observed in the sample
dried from methanol/water (c.f. pink and green lines in Figure C.4a, C.4c and
C.4e). This indicates that drying the porphyrins from a solution containing PAA
results in the same structure, independently of the solvent used beforehand.
Those structures are, however, different from those obtained in solution.
The XAS spectra of MnTPFPP in different environments indicate that subtle
changes in the manganese electronic density are induced by the PAA polymer
and the major perturbing effect arises from interaction with solvent molecules
in solution.
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Figure C.4: Normalized Mn K-edge XAS spectra of dried samples of MnTPFPP with PAA and P4VP
(a,c,e). Spectra in solution of Figure 8.4 are repeated in b, d and f for comparison.
C.5 Complementary tables of the oxidation reactions
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Table C.2: Percentage yields of the products of cyclohexene epoxidation by MnTPFPP and H2O2 with
various additives. The error in the last decimal digit is shown in parenthesis.a
# Aditive etpyb
1
PS
+ 29(2) 1.05(7) 0.15(3) 0.07(6)
2 − 0.66(3) 0 0 0
3
toluene
+ 28(1) 1.0(1) 0.16(5) 0.08(7)
4 − 0.74(4) 0 0 0
5
none
+ 28(5) 0.8(2) 0 0
6 − 0.73(5) 0 0 0
7
PAA
+ 9(3) 0 0 0
8 − 12(2) 0 0 0
9
NaOAc
+ 2.9(3) 0 0 0
10 − 3.6(5) 0 0 0
11
none
+ 2.9(4) 0 0 0
12 − 0.4(1) 0 0 0
a MnTPFPP/additive/cyclohexene/H2O2 = 1/50/500/1335, 26.5 °C, 50 h,
72.5 µmol substrate in 1.45 mL of CH2Cl2/CH3CN (entries 1-6) or H2O/CH3CN
(entries 7-12) with acetonitrile molar fraction equals 0.3.
b + and − signs indicate the presence or absence of 4-ethylpyridine in the
same concentration as the additive.
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Table C.3: Concentrations in mmol L−1 after reactions specified in Table 8.2. Entries (#) of both tables
are correspondent.a
#
C(2)+C(3)
C(1)
C(2)
C(1)R = H 1a 2a 3
R = CH3 1b 2b –
1 44.3 (3) 0.0 (0) 0.0 (0) 3 (2) – –
2 48 (2) 0.02 (1) 0.07 (7) 0.5 (3) 29 (17) 4 (4)
3 26 (1) 3.2 (1) 4.0 (1) 26.5 (3) 9.6 (2) 1.27 (7)
4 18 (1) 2.2 (2) 3.4 (2) 22.1 (5) 11.5 (3) 1.5 (2)
5 17.5 (5) 1.84 (2) 3.2 (2) 21.7 (6) 13.5 (3) 1.7 (1)
6 16 (1) 1.40 (9) 2.7 (3) 20 (1) 16.2 (8) 1.9 (3)
7 11.6 (9) 1.0 (2) 1.5 (3) 11 (1) 13 (1) 1.5 (4)
8 6.6 (3) 0.35 (8) 0.73 (9) 5.4 (4) 17 (1) 2.1 (5)
9 24 (1) 2.3 (2) 3.4 (2) 27 (1) 13.1 (5) 1.5 (1)
10 35 (1) 0.029 (7) 0.033 (2) – – 1.1 (3)
11 20.2 (7) 0.70 (1) 4.1 (1) – – 5.9 (2)
12 36 (2) 0.04 (1) 0.09 (2) – – 3 (1)
13 22 (2) 0.34 (5) 2.37 (8) – – 7 (1)
a Average of triplicate. Standard deviation of last decimal place is shown in parenthesis.
b Calculation of regioselectivity where C(i) is concentration of i.
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D.1 Supplementary tables
• ri-j is the distance between atoms i and j.
• ∆ is the distance between Mn atom and the average plane formed by the
four nitrogens.
• τ is defined as the difference between two N–Mn–N of opposing pyrroles,
divided by 60. It equals 0 for square pyramid and 1 for trigonal bipyrami-
dal, so it is a measure of how the coordination sphere of pentacoordinated
metals arranges between these two extremes.
• tilt is the dihedral angle formed between four β carbons of opposing
pyrroles.
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Table D.1: Relevant geometrical features of MnO(P)+ and MnO(PF4)+optimized by PBE0/def2-TZVP.
State RMn-O (A˚) RMn-N3 (A˚) RMn-N4 (A˚) ∆ (A˚) τ tilt (°)
P
MnVO(L2−)+
1A1 1.494 1.978 1.978 0.454 0.000 23.10
3B1 1.680 1.992 1.992 0.309 0.000 15.10
3B1(ROPBE0) 1.548 2.013 1.964 0.376 0.240 0.00
MnIVO(L•−)+ pi a1u
5A1 1.618 2.010 2.010 0.272 0.000 0.00
5A1(ROPBE0) 1.610 2.010 2.010 0.272 0.000 0.00
1B1 1.547 2.028 1.989 0.368 0.155 0.00
3B1 1.548 2.027 1.989 0.367 0.152 0.00
3B1(ROPBE0) 1.545 2.027 1.989 0.368 0.153 0.00
MnIVO(L•−)+ pi a2u
5A2 1.614 2.023 2.023 0.257 0.000 0.00
5A2(ROPBE0) 1.606 2.022 2.022 0.261 0.000 0.00
1B1 1.543 1.999 2.043 0.351 0.138 0.00
3B1 1.543 1.999 2.043 0.352 0.142 0.00
3B1(ROPBE0) 1.542 1.998 2.042 0.354 0.143 0.00
PF4
MnVO(L2−)+
1A1 1.50 1.98 1.98 0.46 0.00 21.10
3B1 1.55 2.02 1.97 0.39 0.22 0.00
MnIVO(L•−)+ pi a1u
5A1 1.62 2.01 2.01 0.28 0.00 0.00
1B1 1.55 2.03 1.99 0.37 0.16 0.00
3B1 1.55 2.03 1.99 0.37 0.16 0.00
MnIVO(L•−)+ pi a2u
5A2 1.61 2.02 2.02 0.26 0.00 0.00
1B1 1.54 2.00 2.04 0.35 0.14 0.00
3B1 1.54 2.00 2.04 0.35 0.14 0.00
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Table D.2: Effect of correlation of semicore Mn(3s,3p) electrons in RASPT2 energies relative to MnV
1A1 steate. Values are in kcal mol−1.
State Without 3s,3p With 3s,3p Difference
P PF4 P PF4 P PF4
MnVO(L)+ 3B1 7.9 8.9 4.5 5.4 -3.4 -3.5
MnIVO(L•)+ 5A2 13.4 5.4 11.7 2.5 -1.7 -2.9
a2u 3B1 20.0 11.1 18.9 9.4 -1.1 -1.6
1B1 19.9 11.0 18.9 9.5 -1.1 -1.5
MnIVO(L•)+ 5A1 15.4 22.0 12.0 18.7 -3.4 -3.3
a1u 3B1 20.9 28.7 19.5 25.1 -1.5 -3.6
1B1 21.1 28.7 19.6 25.3 -1.4 -3.4
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Figure D.1: Mn–O potential curves for MnO(P)+ calculated by DFT/PBE0 (a), BP86 (b) and
MnO(PF4)+ by PBE0 (c).
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Table D.3: Values of 〈S2〉 of DFT single point calculations on top of structures optimized by PBE0/def2-
TZVP using def2-QZVPP(Mn) and def2-TZVPP(others) basis set.
MnVOP MnIVOP• a2u MnIVOP• a1u
Functional 1A1 3B1 5A2 1B1 3B1 5A1 1B1 3B1
PBE 0.000 2.037 6.039 1.016 2.014 6.038 1.006 a
TPSS 0.000 2.045 6.045 1.025 2.023 6.041 1.013 a
BP86 0.000 2.037 6.041 1.018 2.016 6.040 1.007 a
OLYP 0.000 2.071 6.054 1.019 2.016 6.055 1.007 a
BLYP 0.000 2.027 6.034 1.015 2.013 6.034 1.006 a
M06-L 0.000 2.155 6.078 1.032 2.029 6.075 1.023 a
B97-D 0.000 2.088 6.068 1.025 2.021 6.069 1.011 a
TPSSh 0.000 2.101 6.072 1.045 2.042 6.064 1.033 2.038
B3LYP* 0.000 2.069 6.055 1.031 2.029 6.052 1.024 2.026
B3LYP 0.000 2.169 6.083 1.050 2.047 6.078 1.039 2.045
PBE0 0.000 2.315 6.120 1.079 2.073 6.111 1.059 2.072
M06 0.000 2.363 6.144 1.067 2.062 6.148 1.054 2.064
M062X 0.000 2.724 6.277 1.193 2.173 6.267 1.140 2.175
B2-PLYP 0.000 2.907 6.576 1.753 2.726 6.550 1.709b 2.730
a Calculation converged to MnV 3B1.
b Calculation converged to [MnIVO•(P)]+ instead of [MnIVO(P•)]+.
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Figure D.2: Oxygen Mulliken spin population given by CASSCF as function of distance for (a)
MnO(P)+ and (b) MnO(PF4)+ split in atomic orbitals: O(pz) in solid line, O(px) dashed and O(py)
dotted. MnV 3B1 and MnIV 5A2 are shown in red and blue respectively.
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Hybrid functionals are displayed with filled symbols and pure with open symbols.
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Appendix F
Safety information
• All chemicals must be handled with the standard
personal protective equipment (PPE): goggles, cotton
lab coat, gloves, pants and closed shoes.
• Additional PPE may be required for specific chemi-
cals, e.g. mask or a certain type of gloves.
• Chemicals must never reach your mouth, nose or
skin. If this happen, wash it thoroughly with water and follow the instructions
on the Safety Data Sheet.
• Always check the Safety Data Sheet of each chemical before start handling.
• In your facility, verify the position of the closest working emergency shower,
eye washer and emergency exit.
• Do not use headphones because you may not hear calls for help.
• Avoid working alone because your colleague will help you in any emergency
situation.
• Be aware of all safety instructions provided by your facility.
• Be nice to the colleague next you: identify your glassware with the content
while you are absent so that he/she ponders whether or not his/her chemicals
are compatible before start working next to you.
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Sodium nitroprusside. avoid contact with acids because deadly HCN(g)
may evolve. After working with iron cyanides, clean the balance and the bench
with a cloth wet with diluted aqueous solution of an iron(III) salt. The formation
of blue color is indicative of contamination by iron cyanide. Clean it thoroughly
before someone spills acid on that spot.
Carbon nanotubes. They are a light fluffy black powder. Try not to breath
heavily or preferably use a mask while handling it. For cleaning, first use paper
or cloth and after use detergent with ethanol or water.
Concentrated acids. Always handle it in a fume hood because toxic vapors
evolve. Dilution with water is exothermic, be careful and consider using an ice
bath depending on the volume that your are dealing with.
Boron trifluoride diethyl etherate. The liquid and the vapors are flamable,
avoid contact with air. Always use the fume hood because it is fatal if inhaled.
Always use a syringe to handle it (e.g. a Hamilton) and be careful with the
plunger.
3-Chloroperoxybenzoic acid (mCPBA). This is an oxidizing and irritant
white powder. Heating may cause fire, try to keep away from combustible ma-
terials. Store it in cooled environment. It causes skin allergic reaction and
serious eye irritation.
Hydrogen peroxide. It causes severe eye irritation and causes skin reaction
even at small quantities. Store it in cooled environment. Be extremely careful
when opening the container because the liquid may build up pressure and cause
spillage.
Phenol. It causes severe skin burns and eye damage. It is suspected to cause
genetic defects, therefore possible risk of irreversible effects! Avoid any contact
with the skin.
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